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ABSTRACT

Piwi in a complex with Piwi-interacting RNAs
(piRNAs) triggers transcriptional silencing of trans-
posable elements (TEs) in Drosophila ovaries, thus
ensuring genome stability. To do this, Piwi must scan
the nascent transcripts of genes and TEs for comple-
mentarity to piRNAs. The mechanism of this scan-
ning is currently unknown. Here we report the DamlID-
seq mapping of multiple Piwi-interacting chromoso-
mal domains in somatic cells of Drosophila ovaries.
These domains significantly overlap with genomic
regions tethered to Nuclear Pore Complexes (NPCs).
Accordingly, Piwi was coimmunoprecipitated with
the component of NPCs Elys and with the Xmas-2
subunit of RNA transcription and export complex,
known to interact with NPCs. However, only a small
Piwi fraction has transient access to DNA at nu-
clear pores. Importantly, although 36% of the protein-
coding genes overlap with Piwi-interacting domains
and RNA-immunoprecipitation results demonstrate
promiscuous Piwi binding to humerous genic and
TE nuclear transcripts, according to available data
Piwi does not silence these genes, likely due to the
absence of perfect base-pairing between piRNAs and
their transcripts.

INTRODUCTION

The harmful transpositions of transposable elements (TEs)
in Drosophila gonads are strictly controlled by the Piwi-

interacting RNA (piRNA) pathway, of which the PIWI
family proteins are the key components (reviewed in (1)).
The nuclear localized protein Piwi executes transcriptional
silencing of TEs in both somatic and germline cells being the
sole piRNA-binding protein in somatic cells of Drosophila
ovaries (2-5). In the current model, Piwi induces the tran-
scriptional silencing of TEs by recognizing their nascent
transcripts via complementarity with the loaded piRNAs
(6-10). The RNA-binding protein Asterix/dmGtsfl has
been proposed to assist Piwi at this stage (11,12). The
recognition of multiple complementary sites (13) in nascent
TE transcripts by Asterix/Piwi/piRNA complexes leads to
the involvement of the adaptor protein Panoramix/Silencio
with the further recruitment of the general cell silencing ma-
chinery, repressing TE transcription (14,15). Importantly, at
least in model transgenic systems, Piwi is not required for
the latter stages of silencing. To achieve target recognition,
Piwi must scan all nascent transcripts. The mechanism of
this scanning is currently unknown; however, it is evident
that Piwi should be closely localized with the chromatin of
both genes and TEs to efficiently access their nascent tran-
scripts.

Previous attempts to identify Piwi-bound genomic re-
gions were performed using ChIP (16-18). Huang et al. (17)
demonstrated that Piwi, guided by piRNAs, can bind to nu-
merous genomic loci containing TEs. However, later studies
demonstrated that these Piwi binding sites were artefacts
of incorrect bioinformatics analysis (19). More recently,
the same group identified approximately one hundred Piwi
binding sites in the Drosophila genome through a newly per-
formed and analyzed ChIP-seq experiment (18). These re-
gions corresponded to the transcription start sites (TSSs) of
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protein-coding genes, but not to the piRNA-targeted TEs.
Importantly, the rarity of these sites did not allow for expla-
nation of Piwi’s scanning mechanism. Additionally, there is
some evidence indicating that Piwi interacts with chromatin
regions via RNA, but not DNA (7,9), that could hamper
their detection by ChIP. Therefore, there are likely to be
many more Piwi binding regions in the genome that have
yet to be identified.

In this study, we have identified multiple Piwi-interacting
chromosomal domains in the somatic cells of Drosophila
ovaries using the DamID technique, which allows for the
detection of not only constant, but also transient protein-
DNA interactions. These domains significantly overlap
with the genomic regions bound by nuclear pore complexes
(NPCs), including those containing promoters with highly
paused RNA polymerase II (Pol IT). More than a third of
protein-coding genes reside in the Piwi-interacting domains.
Moreover, our Piwi RNA-immunoprecipitation (RIP) ex-
periments revealed promiscuous Piwi binding to many nu-
clear transcripts. However, the presence of Piwi at these
genes and transcripts does not result in their repression. Our
findings underscore the necessity of the perfect complemen-
tarity between piRNAs and their targets for transcriptional
silencing of TEs and uncover the functioning of Piwi at nu-
clear pores.

MATERIALS AND METHODS
Maintenance of fly stocks and generation of transgenic lines

Fly stocks were maintained under standard conditions
at 25°C. Transgenic strains carrying pUAST-attB-Dam,
pUAST-attB-Dam-Piwi and pUAST-attB-nos-Cre con-
structs were generated by ¢C31-mediated site-specific in-
tegration at the attP40 site on the chromosome 2 in the y,
w; P{y[+t7.7] = CaryP}attP40; M{3xP3-RFPattP}ZH-
86Fb; M{vas-int. B}ZH-102D line (20) as previously de-
scribed (21).

Cell cultures

Ovarian somatic cells (OSCs) (22) kindly provided by M.
Siomi were grown at 25°C in Shields and Sang M3 in-
sect medium (Sigma-Aldrich) supplemented with 10% heat
inactivated FBS (Gibco), 10% fly extract (http://biology.
st-andrews.ac.uk/sites/flycell/flyextract.html), 10 wg/ml in-
sulin (Sigma-Aldrich), 0.6 mg/ml glutathione (Sigma-
Aldrich), 50 units/ml penicillin and 50 pg/ml streptomycin.
Kc167 cell culture obtained from Drosophila Genomics
Resource Center was grown in Schneider’s Drosophila
Medium (Gibco) supplemented with 10% heat-inactivated
FBS (Gibco), 50 units/ml penicillin and 50 pg/ml strepto-
mycin.

Plasmid construction

The pUAST-attB-Dam and pUAST-attB-rnos-Cre (nos-Cre)
plasmids have been previously described (GenBank ac-
cession numbers JN993988 and KC845567, respectively)
(23,24). To obtain pUAST-attB-Dam-Piwi construct, the
~0.3-kb 5'-fragment of Piwi open reading frame (ORF) was
amplified by polymerase chain reaction (PCR) from Piwi
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cDNA GMO05853 (Drosophila Genomics Resource Center)
using primers 5-TAATGCGGCCGCTGGCTGATGATC
AGGGACGTGGACG-3 and 5-TATTGGTCACCCCA
CGGCTTTCGCT-3 and its ~170-bp fragment was cloned
into Notl and Xhol sites of pBluescript II vector (Strata-
gene). In parallel, the ~2.5-kb Xhol-Nsil 3'-fragment of
Piwi cDNA GMO05853 was cloned into the Xhol and Pstl
sites of pBluescript II. Further, the ~0.17-kb NotI-Xhol
S-fragment and the ~2.5-kb Xhol-Xbal 3'-fragment of
Piwi ORF were re-cloned from these two plasmids into the
pUAST-attB-Dam vector by Notl and Xbal sites giving the
resultant pUAST-attB-Dam-Piwi construct (GenBank ac-
cession number KX908210), with the Piwi whole ORF be-
ing in frame with Dam ORF. The construct was verified by
sequencing.

Piwi DamID-seq

A total of 160-200 ovaries from 0-4 days old females were
manually dissected using dissection needles and collected
in phosphate buffered saline (PBS) at 4°C. Isolation of ge-
nomic DNA was performed by DNeasy Blood and Tissue
kit (Qiagen), following the protocol for cultured cells. DNA
was concentrated by centrifugation in 0.5 ml Amicon-Ultra
columns (Millipore) for 10 min at 18000 x g and its concen-
tration was measured using a nanodrop spectrophotometer.
For the selective amplification of methylated GATC-GATC
fragments, genomic DNA was first digested by Dpnl, fol-
lowed by ligation of adaptors, DpnllI digestion and PCR-
amplification as described previously (25) with a minor
modification: ~0.5 pg instead of 2.5 g of genomic DNA
was used as an input. We applied 14 cycles of PCR (1 min at
94°C, 1 min at 65°C and 2 min at 68°C) for Dam-only DNA
samples and 19 cycles of PCR for Dam-Piwi DNA samples.
Adaptors were removed by DpnlI digestion for 2 h at 37°C.
The amplified methylated DNA fragments were purified us-
ing QIAquick PCR Purification kit (Qiagen), concentrated
by centrifugation in 0.5 ml Amicon-Ultra columns (Milli-
pore) for 10 min at 18000 x g and quantified on a nan-
odrop spectrophotometer. A total of 0.5 pg of Dam-only
and Dam-Piwi DNA samples (each in two biological repli-
cates) were subjected to next generation sequencing (NGS)
on Illumina HiSeq 2500 by Evrogen (http://evrogen.com/)
resulting in ~30 million 101-nt single-end reads per sample.

Piwi RNA-immunoprecipitation

Piwi RNA-immunoprecipitation with further NGS (RIP-
seq; reviewed in (26)) was performed with OSCs treated for
1 h with actinomycin D (1 pwg/ml), or with untreated control
cells, as described previously (27). The efficiency of tran-
scriptional repression after actinomycin D treatment was
confirmed by Click-iT® RNA Alexa Fluor® 594 Imaging
Kit (Thermo Fisher Scientific) that enables the detection of
global nascent RNA transcription (Supplementary Figure
S1A). At the same time, the steady state RNA level was not
significantly altered (Supplementary Figure S1B).

Briefly, approximately 1 x 10% cells per sample were in-
cubated for 15 min at room temperature in lysis buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, 2 mM MgOAc,
1 mM dithiothreitol (DTT), 1% Triton-X100, 0.1% NP-
40, 1 mM ethylenediaminetetraacetic acid (EDTA), 2 x
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Complete Protease Inhibitor Cocktail (Roche), 100 U/ml
RNaseOUT " Ribonuclease Inhibitor (Thermo Fisher Sci-
entific)). Samples were cleared by centrifugation at 16000
x g for 5 min at 4°C and extracts were incubated with rab-
bit polyclonal a-Piwi antibodies (4 g per sample; kindly
provided by R. Pillai), immobilized on the Protein G Dyn-
abeads (Thermo Fisher Scientific) for 3 h at 4°C with
rotation. In parallel, RNA-immunoprecipitation was car-
ried out in the absence of the antibody (‘mock’ sample).
After incubation, the beads were washed five times with
the lysis buffer. Precipitated RNA was isolated by treat-
ment of the beads with 0.7 mg/ml proteinase K for 2 h
at room temperature, followed by phenol/chloroform ex-
traction and ethanol precipitation. For protein elution, ap-
proximately one fifth of the beads per sample after RNA-
immunoprecipitation were incubated for 10 min at 70°C
in sodium dodecylsulphate (SDS)-sample buffer, and then
loaded onto SDS-polyacrylamide gel electrophoresis for
further western-blot analysis. Equal amounts of Piwi were
detected in the actinomycin D-treated and control RIP ex-
tracts and no Piwi signal was observed in the ‘mock’ sample
(Supplementary Figure S2, right panel). The precipitated
RNA was chemically fragmented, converted into cDNA us-
ing random hexamer priming, prepared for NGS by TruSeq
RNA library preparation kit (Illumina) and sequenced on
Illumina HiSeq 2000 in the Laboratory of Evolutionary
Genomics, Faculty of Bioengineering and Bioinformatics,
Lomonosov Moscow State University, resulting in ~18-19
million 51-nt single-end reads obtained per sample.

For RIP-seq validation we carried out Piwi RIP and
Piwi®® RIP in three biological replicates with another a-
Piwi antibody (2 pg per sample; Santa Cruz Biotechnol-
ogy, sc-98264, Supplementary Figure S2 left panel). cDNAs
were prepared and several genes and TEs were analyzed by
RT-qPCR using specific primer pairs (Supplementary Table
S5). Normalization was done on the 28S rRNA because its
amount is only barely changed after actinomycin D treat-
ment (Supplementary Figure S1B).

Generation of «-Elys antibodies

A 633-bp fragment of Drosophila Elys (CG14215) cDNA
clone LD14710 (Drosophila Genomics Resource Center),
corresponding to the C-terminal 210 aa of Elys protein, was
cloned into pET21d vector and expressed as a hexahistidine
fusion protein in Escherichia coli strain BL21(DE3), puri-
fied using standard protocols and used for antibody pro-
duction in rabbits. Affinity purified antibodies were used for
further immunostaining and western-blotting.

Piwi coimmunoprecipitation and western-blotting

Approximately 1 x 107 grown to confluence OSCs per sam-
ple were washed in PBS and homogenized in lysis buffer (50
mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Tri-
ton X-100, 0.1% NP-40 and Complete Protease Inhibitor
Cocktail (Roche)). The lysate was incubated for 20 min on
ice prior to clearing by centrifugation at 16000 x g for 10
min at 4°C. Inputs were taken from the supernatant. For
RNase-treated samples, RNase A was added to a final con-
centration of 100 wg/ml. A total of 1.5 wg of mouse mon-

oclonal a-Piwi (27) or rabbit polyclonal a-Xmas-2 (28), a-
Thoc5 (29), a-Elys (this work) antibodies per sample were
immobilized on Protein G Dynabeads (Thermo Fisher Sci-
entific), incubated with lysates for 90 min at 25°C, after that
beads were washed three times with washing buffer (PBS,
0.1% Tween-20 and 0.3% Triton X-100). The bound pro-
teins were eluted by adding SDS and urea (4 M) loading
buffer and heating at 95°C for 10 min. Control immunopre-
cipitation experiments using mouse or rabbit non-immune
serum were performed in parallel. For western-blot anal-
ysis the following antibodies were used: rabbit polyclonal
a-Piwi (1:1000; Santa Cruz Biotechnology, sc-98264), a-
Pol IT (1:1000; ab5408 (4H8), Abcam), a-Armi (1:1000) (5),
a-Nelf-E (1:500; NELF subunit (30)), a-Xmas-2 (1:1000;
TREX-2/AMEX subunit (28)), a-Thoc5 (1:1000; TREX
subunit (29)), a-Elys (1:1500; this work) and mouse mon-
oclonal a-beta Actin (1:3000; Abcam, ab8224).

Immunostaining

OSCs in the growth phase were seeded on coverslips for 1
h. After rinsing with PBS, cells were fixed in 4% formalde-
hyde in PBS for 20 min at room temperature, washed in
PBS three times for 5 min, permeabilized with PBTX (PBS
with 0.1% Tween-20 and 0.3% Triton X-100) for 20 min,
blocked with PBTX containing 3% normal goat serum (In-
vitrogen) for 1 h at room temperature, incubated with pri-
mary antibody in PBTX with 3% normal goat serum for
3 h at room temperature, washed in PBTX three times
for 10 min, incubated with secondary antibodies in PBTX
with 3% normal goat serum overnight at 4°C and then
washed in PBTX three times for 10 min in a dark cham-
ber. Coverslips were mounted with a drop of SlowFade
Gold Antifade reagent (Invitrogen) containing DAPI. As
primary antibodies we used rabbit polyclonal a-Piwi (1:300;
Santa Cruz Biotechnology, sc-98264), mouse monoclonal
o-NPC (Mab414, 1:300; ab24609, Abcam), rabbit poly-
clonal a-Xmas-2 (1:300) (28), rabbit polyclonal a-Thoc5
(1:300) (29), rabbit polyclonal a-Elys (1:600; this work), rab-
bit polyclonal a-Pol IT (1:500; ab5408 (4HS8), Abcam) and
guinea pig polyclonal a-LBR (1:1000) (31). As a secondary
antibodies we used Alexa Fluor 546-conjugated goat a-
rabbit IgG (Invitrogen) or Alexa Fluor 488-conjugated goat
a-mouse IgG (Invitrogen), or Alexa Fluor 633-conjugated
goat a-guinea pig IgG (Invitrogen).

Sequencing and bioinformatics analysis of Drosophila
genome

High molecular-weight genomic DNA was isolated from
the F1 offspring of the Mos/-Cre x Dam-Piwi crossed flies
according to the standard procedure (32). A paired-end
library of the fragmented genomic DNA (~250-bp frag-
ment size) was prepared according to the Illumina stan-
dard protocol and sequenced on the Illumina HiSeq 2000
in the Laboratory of Evolutionary Genomics, Faculty of
Bioengineering and Bioinformatics, Lomonosov Moscow
State University. In total, 8.6 million of 101-nt paired-end
reads with 9-fold coverage of euchromatic genome were
obtained. Insertion sites of TEs were identified by align-
ing the reads with the consensus sequences of TEs (http://
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www.fruitfly.org/p_disrupt/TE.html) and the annotated TE
insertion sites in the FlyBase (r.5.57) reference genome
using the ‘McClintock meta-pipeline’ (https://github.com/
bergmanlab/mcclintock). Only the non-redundant, unam-
biguous TE insertions, identified by “TEMP’, “TE-locate’,
‘RE-locate’ or ‘ngs_te_mapper’ software with default set-
tings, were taken for further consideration. Totally, 2839
known and 1238 novel TE insertion sites were identified.
The TE insertion and Piwi domain were considered as
neighbors if Piwi domain overlapped —500 to +500-bp ge-
nomic region around TE insertion site.

Bioinformatics analysis of DamlID-seq and microarray
DamlID data

Two biological replicates of Dam-only or Dam-Piwi
DamlID-seq reads were adapter clipped, mapped to the
dm3/R5 genomic assembly by ‘bowtie2’ (33) and counted
by ‘HTSeq-count’ software (34) on the GATC-GATC frag-
ments or the ~300-bp genomic bins, corresponding to
genome positions of microarray Nup98 data, covering the
nonrepetitive Drosophila genome (35). The resulting counts
of Dam-Piwi samples were converted to reads per mil-
lion mapped reads (RPM), normalized to RPM values of
the Dam-only samples and log,-transformed. The domain
calling was performed with the two-state Hidden Markov
Model (HMM) algorithm (the code is available upon re-
quest). The domains were merged if the distance between
them was less than 500 bp. The domains overlapped in both
biological replicates were used for further analysis.
Nup98_NPC-tethered (Nup98_NPC) or
Nup98_nucleoplasmic (Nup98_nucl) DamID microar-
ray data for Kcl67 cells (35) were retrieved from Gene
Expression Omnibus (GEO) NCBI (GSM479750 and
GSM479755) and the domain calling was done by two-
state HMM similar to the Piwi domain identification. Piwi
and Nup98 domains were further repeat-masked against
the known and the newly identified TEs. Piwi domain scores
were calculated as an average log,(Dam-Piwi/Dam) values
across the corresponding Piwi domains. In cases where
several Piwi domains overlap the gene, the highest Piwi
score was ascribed. Piwi and Nup98_NPC domains were
ranked according to their scores and divided into 10 groups,
each containing ~1000 or ~700 domains, respectively. For
the estimation of overlap between different domain types
(Piwi and Nup98_NPC, Piwi and Nup98_nucl, Piwi and
protein-coding genes or their TSSs), the UCSC Genome
Browser intersection option was employed. For the cal-
culation of Piwi/Nup98_NPC intersected domain scores,
represented in Figure 2C, first, the average scores for the
Nup98_NPC subdomains, intersected with each group of
ranked by scores Piwi domains, were calculated, and then,
these scores were compared with the calculated average
scores for the intersected regions in each group of Piwi
domains. For gene annotation, the Ensembl 78 release
was used. To generate average Piwi logy(Dam-Piwi/Dam)
profile around TSSs, the profiles within the regions of
—1.5 to +1.5 kb around TSSs of all genes were averaged
using ‘deepTools2’ (36), regardless of whether they are in
or out of Piwi domains. To generate Piwi-DamID profiles
for the TE families, the DamID-seq reads were mapped
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onto 100-nt bins of TEs consensus sequences, counted,
converted to RPM, normalized to RPM values of the
Dam-only samples and log,-transformed. The profiles were
smoothed by applying the cubic spline interpolation. More
than 2-fold enrichment was considered as significant.

Bioinformatics analysis of RIP-seq

Adapter sequences were removed from the reads using
FlexBar tool (37). Sequencing data for ‘mock’, Piwi RIP
or Piwi RIP after actinomycin D treatment were mapped
to the dm3/R5 genome assembly by ‘bowtie2’ (33). For the
exonic read counting, the “TopHat’ (38) and ‘Cufflinks’ (39)
software was applied. To obtain values of reads per kilo-
base per million mapped reads (RPKM), read counts were
normalized on the library size (including rRNA read counts
for correct inter-sample comparisons) and on the length of
corresponding exon regions. For RIP analysis of TEs, reads
were mapped onto TE consensus sequences (http://www.
fruitfly.org/p_disrupt/TE.html) using ‘bowtie’ (v.1.0.0), al-
lowing up to three mismatches. The corresponding RPKM
values were calculated using ‘bamutils’ software (v.0.5.7;

(40)).

Bioinformatics analysis of ChIP-seq and GRO-seq data

The Pol II pausing (stalling) index was calculated for the set
of non-overlapping and having more than 500-bp in length
genes from the Ensembl 78 release (n = 4108), using Pol II
ChIP-seq or GRO-seq data for OSCs retrieved from GEO
NCBI database (GSE41729) (7), or Pol II ChIP-seq data
for Kcl167 cells (GSE48512) (41), similar to Zeitlinger et
al. (42). The ChIP-seq and GRO-seq reads were mapped
relative to the most distal TSS onto —200 to +200-bp re-
gion (promoter, TSS) and +201 to the gene end region
(gene body, GB) binned into 100-bp intervals. The num-
ber of single-mapped and de-duplexed reads in each in-
terval were counted and the pausing index was calculated
by formula: PI = (TSS_IP/GB_IP)/(TSS_input/GB_input),
where TSS_IP and TSS.input are the maximal RPM-
normalized signals at the promoter bins for IP and input, re-
spectively, and GB_IP and GB_input are the median RPM-
normalized signals at the GB bins for IP and input, re-
spectively. Based on the GRO-seq data, the pausing index
was calculated as the ratio of maximal signal at promoter
bins to the median signal at the GB bins. The pausing in-
dex was considered significant only for the genes with Pol
II-enriched regions at promoters, identified by the MACS2
software (v.2.1.1, Q-value cutoff 107>, https://pypi.python.
org/pypi/MACS2). Genes were considered overlapped, if
their promoters (most distal TSSs) overlapped with Piwi do-
mains, or if at least 1-bp of their bodies or promoters over-
lapped with Nup98 domains.

Bioinformatics analysis of RNA-seq data

The processed RNA-seq data for egfp-RNAi-treated or
piwi-RNAi-treated OSCs were retrieved from the GEO
NCBI GSE47006 (12) and compared with the Piwi domains
and Piwi RIP data in MS Excel.
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GO analysis

The gene ontology (GO) analysis was performed using the
‘topGO R’/Bioconductor package (version 2.22.0) with the
elim algorithm and a P = 0.05 (Fisher’s exact test) and Q =
0.05 (Benjamini-Hochberg correction) as the cut-offs. All
the terms with the evidence codes inferred from electronic
annotation, inferred from reviewed computational analy-
sis or no biological data available were removed before the
analysis.

Statistical analysis

For P-value estimation the Mann—Whitney (M—W) U-test
was used for comparison of two sample distributions, or the
permutation test (n = 1000) for the comparison of an over-
lap between two domain sets.

Data deposition

Raw and processed NGS data for Piwi-DamID and Piwi
RIP were deposited in the NCBI GEO under the acces-
sion number GSE87346; NGS data of Drosophila genome
used for the Piwi-DamID were deposited in the NCBI SRA
Database (SRR4296946).

RESULTS

Whole-genome Piwi-DamID mapping in somatic cells of
Drosophila ovaries

To clarify the mechanism of nascent RNA target recog-
nition by Piwi, we generated whole-genome interaction
map with Piwi in Drosophila ovaries using DamID tech-
nique, capturing both constant and transient protein—-DNA
interactions, including spatial proximity between protein
and DNA without their direct binding (43,44). We ap-
plied a tissue-specific DamID-seq approach (23,45,46), il-
lustrated in Figure 1A. Transgenic flies, carrying Dam
or Dam-Piwi fusion coding regions, separated from the
hsp70 core promoter of pUAST vector (47) by transcrip-
tional stop-cassette flanked by loxP sites, were obtained by
¢C31-mediated integration at the attP40 site (20,21). The
stop-cassette efficiently blocks any transcription, allowing
Dam or Dam-Piwi expression only in the tissue where the
stop-cassette has been removed by site-specific recombina-
tion at the loxP sites. We crossed females, expressing Cre-
recombinase in oocytes and early embryos under the con-
trol of Mosl promoter (line #766 from the Bloomington
Drosophila Stock Center, devoid of the balancer chromo-
somes) (48), with the males, carrying Dam-Piwi or Dam
constructs. The stop-cassette removal in a large fraction of
embryonic cells results in the female offspring, mosaically
expressing Dam or Dam-Piwi. We dissected ~200 ovaries
(in two biological replicates) from 0-4 days old females,
isolated genomic DNA and performed standard DamID
procedure (25), including Dpnl digestion, adaptor ligation,
DpnlI digestion, followed by PCR-amplification of methy-
lated fragments (Figure 1A and B). We note that in order to
obtain similar quantity of PCR-amplified methylated DNA
fragments as the output it was necessary to carry out 14
cycles of PCR for Dam x MosI-Cre samples and 19 cy-
cles of PCR for Dam-Piwi x MosI-Cre samples (Figure

1B). However, in case of Dam-Piwi x MosI-Cre this was
still the amplification of specifically methylated genomic
fragments, because the negative control samples (Dam-Piwi
without MosI-Cre or without Dpnl digestion) gave sub-
stantially less PCR-amplified products (Figure 1C). As the
levels of expression of Dam and Dam-Piwi constructs are
very similar (Supplementary Figure S3), we propose that
~30-fold lower methylation in Dam-Piwi x MosI-Cre rel-
ative to Dam x MosI-Cre ovaries may be explained by the
assumption that only a small Piwi fraction has an access to
DNA, whereas the majority of Piwi molecules are somehow
isolated from the contacts with DNA (see ‘Discussion’ sec-
tion).

The equal quantities of PCR-amplified fragments were
further subjected to NGS on Illumina HiSeq 2500, resulting
in 28-33 million 101-nt single-end reads per sample. Unique
reads were mapped on the GATC-GATC fragments of the
Drosophila dm3 /RS reference genome, giving genomic pro-
files that were highly correlated between replicates (Spear-
man’s correlation coefficients, p = 0.96 for Dam and p =
0.89 for Dam-Piwi, Supplementary Figure S4). Dam-Piwi
signals were normalized to Dam-only signals to correct
for local chromatin accessibility, and logy(Dam-Piwi/Dam)
profiles per GATC fragment were generated.

We also attempted to perform Piwi-DamlID specifically in
the female germ-line cells by crossing males, expressing Cre-
recombinase under the control of germ-line specific nanos
promoter, with the females carrying Dam-Piwi or Dam con-
structs (Figure 1A). In this case, the stop-cassette was re-
moved only in the germ line cells of the offspring flies. How-
ever, the PCR-amplification of methylated fragments on the
isolated genomic DNA from ovaries of this offspring was
significantly less efficient than after DamID procedure in
the whole ovaries (Figure 1D, compare Dam x Mosi-Cre
and Dam x nos-Cre). This is likely due to the failure of
hsp70 core promoter to work efficiently in the female germ
line (47). These data imply that Piwi-DamID mapping in
whole ovaries was performed mainly in the somatic cells of
the ovaries.

Piwi-interacting domains significantly overlap with NPC-
tethered genomic regions

Previously, the genomic regions interacting with nucle-
oporin Nup98 were identified in embryonic Drosophila
Kc167 cells using the DamID technique (35). In higher
eukaryotes many nucleoporins (including Nup98) may be
found not only at the NPCs but also in the nucleoplas-
mic fraction. The authors (35) succeeded in separating the
Nup98-interacting regions into those tethered to NPCs
(Nup98_NPC) and those of the nucleoplasmic Nup98
fraction (Nup98_nucl). A visual comparison of our Piwi
DamlD profile, generated from the somatic cells of ovaries,
with the Nup98_NPC DamlID profile for Kc167 cells re-
vealed a high degree of similarity (Figure 2A). To com-
pare these profiles genome-wide, we first remapped Piwi-
DamlID-seq reads to ~300 bp bins, corresponding to the
genome positions of microarray oligonucleotides that were
used for Nup98-DamID mapping and generated logy(Dam-
Piwi/Dam) profiles per bin. Then we employed a two-state
HMM algorithm and in the somatic cells of Drosophila
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ovaries identified ~10800 Piwi-interacting domains with
a 2.1 kb median size, covering ~27% of the euchromatic
genome (Supplementary Table S1). Using the same al-
gorithm, we identified ~7100 Nup98_NPC (2.1 kb me-
dian size) and ~3900 Nup98_nucl (3.6 kb median size)
domains in Kcl67 cells (Supplementary Table S1). We
found moderate but significant correlation between Piwi
and Nup98_NPC log, profiles (Pearson’s correlation coef-
ficient, R = 0.48, P = 0), but only low correlation between
Piwi and Nup98_nucl profiles (R = 0.12). Consistent with
these correlations, Piwi-interacting domains significantly
overlapped with the Nup98 _NPC domains (43.8% of Piwi
domains overlap (by coverage) with 68.5% Nup98_NPC
domains; P = 1075, permutation test), but not with the
Nup98_nucl domains (13.8% of Piwi domains overlap; P =
0.98, permutation test). We divided Piwi domains into 10
groups according to their ranked average enrichment scores
(see 'Materials and Methods’ section for details). The de-
gree of intersection between Piwi and Nup98_NPC domains
progressively increased with the higher enrichment scores
of Piwi domains, approaching ~80% for the top 10% Piwi-

interacting domains (Figure 2B and Supplementary Table
S1). High overlap between Piwi and Nup98_NPC domains
is consistent with the models, when either Piwi and NPCs
independently bind the same genomic regions, or alterna-
tively, Piwi molecules bound to NPCs as ‘passengers’ ap-
pear in close proximity to the genomic regions tethered to
NPCs. We note that Piwi is absent in S2 (27) and, accord-
ing to our data, in Kc167 (Supplementary Figure S5) em-
bryonic cell cultures (although the low level of Piwi was re-
cently reported for Kc167 cells (49)), thus indicating the ab-
sence of cooperative interactions of Piwi and NPCs with ge-
nomic sites, and NPC-tethering to these sites without Piwi
assistance. Moreover, the linear regression between Piwi
and Nup98_NPC enrichment scores in the regions of their
overlap (Figure 2C) strongly supports the Piwi ‘passenger’
model because only bound to NPC Piwi may interact with
each genomic site with the same ‘strength’ as the NPC does.

Recently, about one hundred of Piwi-bound genomic re-
gions were revealed in Drosophila ovaries using ChIP (18).
We found that the genomic positions of only 12 out of 42
sites, shared by 3 ChIP replicates, overlapped with the Piwi
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domains, determined by DamID (P = 0.69, permutation
test). We, thus, conclude that Piwi may be stably bound with
DNA only at several genomic sites, whilst at many more ge-
nomic locations Piwi interacts with DNA more transiently.
Together these data indicate that in somatic cells of
Drosophila ovaries a small fraction of Piwi is likely to be
linked to the NPCs and these Piwi molecules can transiently
interact with the genomic regions tethered to NPCs.

Piwi-interacting domains overlap with many protein-coding
genes

We next explored the interaction of Piwi with protein-
coding genes. Piwi domains overlap with 36% of the protein-
coding genes residing within the euchromatin, mostly with
the TSSs of these genes (67%) (Figure 3A and Supplemen-
tary Table S2). Genes, interacting with Piwi, are on av-
erage three times larger (median length 4.8 kb), than the
non-interacting genes (P = 0, M—W U-test), with the most
high-scoring Piwi domains overlapping with the longest
Drosophila genes (median length 24.5 kb, Supplementary
Figure S6). Interestingly, high-scoring Piwi domains pref-
erentially overlap with gene bodies or intergenic regions,
whilst low-scoring Piwi domains overlap mostly with pro-

moter regions (i.e. the most distal TSSs) (Figure 3B). More-
over, the average profile of Piwi at promoters peaks ~100 bp
downstream of their TSSs (Figure 3C).

To test whether Piwi-interacting genes are regulated by
Piwi directly, we compared Piwi-DamID domains with the
RNA-seq data from (12) for control and Piwi-depleted
OSCs. In control cells, Piwi-interacting genes appear to be
expressed at significantly higher levels (P = 2 x 107%°, M—
W U-test), than those genes which do not interact with
Piwi (Figure 3D and Supplementary Table S2). However,
genes, overlapping with the top 30% high-scoring Piwi do-
mains, exhibit significantly lower (P = 2 x 1073, M-W
U-test) expression levels compared to the overall gene set,
and the genes, overlapping with the top 10% of Piwi do-
mains, display the lowest expression (Figure 3D and Sup-
plementary Table S2). Conversely, the median expression
of genes in the low-scoring Piwi domains is significantly
higher than median expression in the overall gene set (Fig-
ure 3D and Supplementary Table S2). A similar effect is
observed for the genes overlapping with Piwi domains at
the most distal TSSs (Supplementary Figure S7 and Table
S2). These data indicate that Piwi interacts with both low-
expressed/silent genes as well as actively-expressed genes,
albeit with different strength/frequency of interaction. Im-
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portantly, the knock-down of Piwi in OSCs did not no-
tably affect (P = 0.7, M—W U-test) expression of protein-
coding genes, interacting with Piwi (Figure 3D and Supple-
mentary Figure S7) and ~900 genes, which have changed
their expression more than 2-fold after Piwi knock-down in
OSCs (441 upregulated and 445 downregulated) (12), were
equally represented among Piwi-interacting (7%) and Piwi-
non-interacting (7%) genes. This indicates that in OSCs Piwi
interacts with the genes of all expression levels and these in-
teractions do not result in the silencing of the majority of
these genes.

To examine the characteristic features of protein-coding
genes interacting with Piwi, we calculated the Pol II paus-
ing (stalling) index (42,50), as the ratio of Pol II occupancy
at the promoter (i.e. distal TSS) to its occupancy at the GB,
using Pol IT ChIP-seq data or GRO-seq for OSCs (7). We
found that Pol II at the promoters, overlapping with either
high-scoring or low-scoring Piwi domains, exhibited sub-
stantially higher median values of pausing indexes, than
at the promoters without Piwi (Figure 3E; Supplementary
Figure S§A and Table S2). Therefore, genes interacting with

Piwi appeared to contain mostly paused Pol II at their pro-
moters. We then assessed, whether Pol II pausing is a unique
feature of Piwi-interacting genes, or it is typical for the
NPC-interacting genes as well. Based on the Pol II ChIP-seq
data for Kc167 cells (41), we calculated the Pol II-pausing
index for the genes localized in the Nup98_NPC domains
and found strongly increased pausing indexes for the genes
in these domains as compared to the genes outside these
domains, with especially high pausing in the high-scoring
Nup98_NPC domains (Supplementary Figure S8B). Thus,
the increased pausing index of Piwi-interacting genes may
reflect tight contacts of Piwi as the NPC ‘passenger’ with
the NPC-tethered genomic regions.

Pol II pausing is a characteristic of developmentally reg-
ulated genes, including transcription factors and compo-
nents of signal transduction (reviewed in (51)). Accord-
ingly, GO analysis indicates that amongst the genes, in-
teracting with either high- or low-scoring Piwi domains,
are those enriched in G-protein coupled receptor signal-
ing pathway (60% genes in corresponding GO category),
signal transduction (49% genes) and regulation of tran-
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scription (46% genes) (Supplementary Table S2). Earlier,
the developmental genes were found to be enriched in the
Nup98-interacting domains (35), emphasizing the link be-
tween Piwi and NPCs.

Piwi does not significantly associate with TE DNA

To determine Piwi-DamlID interactions with the TEs, we
mapped sequencing reads from Dam-Piwi and Dam sam-
ples onto all Drosophila TE consensus sequences, divided
onto ~100-bp bins and then compiled the logy(Dam-
Piwi/Dam) profiles for the TE families. As a result, we
found that Piwi were locally enriched at the specific regions
of only 13 TE families (Figure 4A and Supplementary Fig-
ure S9), with the majority of TE families as a whole being
devoid of DamlID interactions (Figure 4B). Moreover, we
did not observe selective enrichment of Piwi over TE fami-
lies, known to be regulated by Piwi specifically in OSCs, as
compared to other TEs. However, it was still possible that
Piwi is enriched at the individual TE copies, scattered in the
euchromatin. To test this idea, we sequenced the genome
of the fly strains, that were used for Piwi-DamID crossing
and identified TE insertion sites (see "Materials and Meth-
ods’ section for details). Using this technique, we identi-
fied the 2839 TE insertion sites annotated in the reference
genome and a further 1238 novel euchromatic TE insertion
sites (Supplementary Table S3). We then compared their
genomic positions with that of Piwi domains and found
no significant association between TE insertion sites and
Piwi domains (27% TE insertions were within 0.5 kb from
the corresponding Piwi domains, P = 1, permutation test).
These data indicate that Piwi targeting to chromatin is not
mediated by abundant piRNAs against TEs present in so-
matic ovarian cells. Thus, the perfect complementarity be-
tween piRNA and TE transcript does not lead to long-term
Piwi association with the corresponding chromosomal re-
gion, supporting the idea that Piwi is required only for tar-
get recognition, but not for the subsequent silencing (14,15).

Piwi binds many genic and TE transcripts in OSCs

To characterize the pool of nuclear RNAs, bound by
Piwi, we immunoprecipitated (without cross-linking) the
RNA /Piwi complexes from OSC extracts (i.e. performed
RNA-immunoprecipitation with subsequent NGS, RIP-
seq) (reviewed in (26)). We carried out ‘mock’ RIP without
antibodies, Piwi RIP (with a-Piwi antibodies) and Piwi®tP
RIP after 1-h treatment of cells with actinomycin D, the in-
hibitor of Pol I and Pol II (52). The efficacy of transcrip-
tion blockage by actinomycin D was confirmed by the in-
corporation of 5-ethynyl uridine into the nascent transcripts
with their subsequent ligation with the fluorescence dye in
Click-iT reaction (Supplementary Figure S1A). For RIP as-
say, RNA was extracted, converted to cDNA using random
primers and subjected to NGS. We counted the RPKM val-
ues for the exons of protein-coding genes as well as for TEs
(Supplementary Table S4) and found that many of them
were enriched in Piwi as compared to Piwi*t® RIP (me-
dian enrichment 1.74 for the protein-coding genes and 2.34
for the TEs; Figure SA and Supplementary Table S4) or as
compared to ‘mock’ (Supplementary Figure SI0A). At the

same time, the logy RPKM values for ‘mock’ and Piwi®tP®

RIP samples were strongly correlated (Pearson’s correlation
coefficient, R = 0.97 for the genes and R = 0.99 for the TEs,
P = 0). Accordingly, no systematic difference was revealed
between the latter two samples (median ‘mock’ /Piwi?“!P ra-
tio 1.14 for the genes and 1.27 for the TEs; Figure 5B). As
‘mock” RPKM values reflect the background RNA binding
to Protein G Dynabeads in the cell extracts, we concluded
that actinomycin D treatment leads to the loss of Piwi bind-
ing to transcripts due to efficient blockage of nascent tran-
scription and the depletion of pool of nuclear RNAs.

We considered transcripts with RPKM values > 1 in Piwi
and Piwi*® RIPs and with Piwi/Piwi*® ratio > 2 to be sig-
nificantly enriched in Piwi RIP. Approximately 2000 genes
appeared to be significantly enriched in Piwi RIP, thus in-
dicating the in vivo Piwi binding to their transcripts in the
OSC nuclei. Importantly, Piwi RIP-seq logy RPKM val-
ues for significantly RIP-enriched genes positively corre-
lated (Pearson’s correlation coefficient, R = 0.57; P = 0)
with the steady state transcript abundance of these genes,
determined by RNA-seq (12) (Figure 5C and Supplemen-
tary Table S4). Moreover, similar correlation is seen for the
TEs (Pearson’s correlation coefficient, R =0.67; P = 0.007),
indicating that Piwi binds to TE transcripts without notable
preference compared to transcripts of protein-coding genes.
Considering that median Piwi/Piwi?'® RIP enrichment for
TEs only slightly exceeds that for the protein-coding genes
(Figure 5A), we conclude that Piwi binds nuclear transcripts
in a ‘promiscuous’ fashion and that this binding has min-
imal dependence on the presence of the bulk of piRNAs
complementary to TEs in OSCs.

To verify our Piwi RIP-seq results we carried out Piwi
RIP and Piwi*® RIP experiments using another a-Piwi
antibody. RT-qPCR analysis of several randomly selected
genes and TEs with various expression levels confirmed
their ~1.5- to 3-fold enrichment in Piwi RIP relative to
Piwi?® RIP after normalization on the 28S rRNA (Figure
5D).

We then assessed, whether there is a correlation be-
tween Piwi RIP-seq and Piwi-DamID data. For the protein-
coding genes, resided in Piwi domains, we did not find any
correlation between RIP-seq logy(Piwi/Piwi*'P) enrich-
ment values and log,(Dam-Piwi/Dam) enrichment scores
(Pearson’s correlation coefficient, R = 0.01, P = 0.56;
Supplementary Figure S10B). However, for the set of sig-
nificantly RIP-enriched nascent transcripts, the Piwi to
Piwi® RIP ratios appeared to be slightly higher for the
genes, residing in Piwi domains, than for the genes lacking
Piwi (median enrichment 2.62 versus 2.52 for the genes in
or out of Piwi domains, respectively, P = 2 x 1073, M—
W U-test; Figure SE and Supplementary Table S4). The
same trend was observed, when transcripts with low (but
not zero) RPKM values in RIPs were included (median 1.85
versus 1.77, P = 0.04, M—W U-test; Supplementary Figure
S100).

Together this indicates that most nuclear transcripts are
bound by Piwi roughly proportionally to their abundance,
but there is some binding preference for genes, localized in
Piwi domains.
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Piwi interacts with the NPC component Elys, as well as with
the subunits of mRNA export complexes TREX and TREX-2
that are partially colocalized with NPCs

To test Piwi association with promoter-bound protein com-
plexes, we carried out a coimmunoprecipitation from OSC
protein extracts by a-Piwi antibodies. As a positive control
we detected in the Piwi-immunoprecipitate the Armi pro-
tein (Figure 6A), known to interact with Piwi (4,5). How-
ever, we were unable to reveal Piwi interactions with Pol 11
and its associated pausing factor NELF (53) (Supplemen-
tary Figure S11).

We further examined an association of Piwi with
NPCs. We generated rabbit polyclonal antibodies against
Drosophila Elys/Mel-28, which is the known component of
NPCs in mammals, Xenopus and nematode (54-57), as well
as in Drosophila (our unpublished data). Elys was clearly
coimmunoprecipitated with Piwi from OSC extracts (Fig-
ure 6B) indicating the direct physical interaction between
Piwi and NPCs. Previously, the Xmas-2 subunit of TREX-
2/AMEX mRNA export complex (28) and the Thoc5 sub-
unit of TREX mRNA export complex (29,58, reviewed in
59) were shown to colocalize with NPCs, and the Xmas-2
to coimmunoprecipitate with NPCs in S2 cells (28,29). Im-
portantly, both Xmas-2 and Thoc5 were found in the Piwi-
immunoprecipitate from OSC extracts (Figure 6A) and Piwi
was reciprocally revealed in the Xmas-2-immunoprecipitate
(Figure 6C). Of note, we did not detect Piwi, as well
as Xmas-2 in the Thoc5-immunoprecipitate (Figure 6C).
However, we believe that this is due to the inability of
a-Thoc5 antibodies to efficiently capture the native, non-
denatured Thoc5 protein. To address, whether Piwi associa-
tion with the TREX and TREX-2 complexes is mediated by
RNA, we treated cell extracts with the RNase A and found
notable signal loss for the Thoc5, but not for the Xmas-2
(Figure 6A). We thus conclude that Piwi is associated with
the Xmas-2 via protein—protein interactions, while with the
Thoc5 mostly, but not exclusively, via RNA.

We stained OSCs with a-Elys, a-Xmas-2 or a-Thoc5 an-
tibodies together with the Mab414 antibodies, recognizing
FG-repeat nucleoporins and observed their almost com-
plete (for Elys), or partial (for Xmas-2 or Thoc5) colocaliza-
tion with NPCs, particularly at the nuclear rim (Figure 6D—
F). Therefore, Piwi binding to Elys, Xmas-2 and, less likely,
to Thoc5 might provide the link for Piwi targeting to NPC-
tethered genomic regions. We next examined colocalization
of Piwi with NPCs by immunostaining of OSCs with anti-
bodies against Piwi and NPCs or Elys. Piwi was widespread
in the nucleoplasm of OSCs, whereas Piwi and NPCs (or
Piwi and Elys) were only faintly colocalized at the nuclear
rim (Figure 6G and Supplementary Figure S12), implying
that a small Piwi fraction is located at the NPCs. We fur-
ther examined whether the widespread localization of Piwi
in the nucleus corresponds to the sites of active transcrip-
tion. Coimmunostaining of OSCs with a-Piwi, a-Pol IT and
(in order to visualize the nuclear envelope) with «-LBR an-
tibodies shows only partial colocalization of Piwi and Pol I1
at chromatin (Figure 6H, Pearson’s correlation coefficient,
R =0.23+/—0.14 for the ImageJ analysis of 3 immunostain-
ing experiments, with 10 nuclei in each experiment). These
results support the hypothesis of promiscuous Piwi bind-

ing to messenger ribonucleoprotein particles (mRNPs), as
Thoc5 and Xmas-2 are their components and pointed to a
small pool of Piwi, interacting with chromatin at NPCs.

DISCUSSION

Using DamID technique, we revealed for the first time mul-
tiple Piwi-interacting domains in the Drosophila genome
and demonstrated their high correspondence to the NPC-
tethered genomic regions, including gene promoters with
highly paused Pol II. More than a third of protein-coding
genes were found in Piwi domains. Large, tissue-specific
genes, which are mostly silent or weakly expressed, reside
in the high-scoring Piwi domains, whereas the actively ex-
pressed genes occupy low-scoring Piwi domains, which still
partially overlap with NPC domains. The scores of Piwi
domains strongly correlate with the scores of intersected
NPC domains (Figure 2C) favoring the model that Piwi
molecules linked to NPCs interact with the attached to
NPCs chromatin carrying these genes and TEs.

We confirmed the association of Piwi with NPCs by coim-
munoprecipitation of Piwi with the component of NPCs
Elys/Mel-28 (54-57; reviewed in (60)) and with the Xmas-
2 subunit of mRNA transcription and export complex 2
(TREX-2; reviewed in (61)); the latter was shown to colo-
calize and physically interact with the NPCs in Drosophila,
yeast and mammals (28,62,63). However, our coimmunos-
taining experiments show very faint Piwi presence at the
nuclear rim. Together with the ~30-fold lower methylation
level by Dam-Piwi as compared to Dam, this indicates that
only a small fraction of nuclear Piwi may contact DNA at
nuclear pores.

As many genes and TEs reside out of Piwi domains, then
how does Piwi get in touch with the chromatin of these
genes for their scanning? Looking at separate Dam-Piwi
and Dam profiles (Supplementary Figure S4), one can see
that besides the Dam-Piwi peaks, that are weaker or ab-
sent in Dam-only profile (these peaks give the Piwi-enriched
HMM domains after normalization on the Dam data),
there are many peaks of comparable to Dam height. In fact
this implies, that Dam-Piwi (and therefore, Piwi) may have
an access to DNA at many more sites than that tethered to
NPCs. The access of Piwi to these sites is likely of stochas-
tic nature because Dam-Piwi methylation there does not ex-
ceed methylation by freely diffusing Dam.

Two scenarios may be considered to explain how Piwi in-
duces the silencing of its targets. Either binding of many
Piwi molecules to the transcript, or Piwi’s detection of the
perfect complementarity between piRNA and transcript
coupled with the conformational changes of Piwi/piRNA
complex may be necessary to trigger the repression. Our
RIP-seq data as well as the CLIP-seq data on OSS cells of
Sytnikova et al. (64) show that Piwi binds to numerous nu-
clear transcripts, including nascent transcripts, without no-
table preference towards TEs, demonstrating that this bind-
ing is only weakly directed by the bulk of piRNAs with
the perfect complementarity against TEs. Importantly, this
Piwi binding as well as the Piwi localization close to the
NPC-attached chromatin does not lead to the silencing of
nearby genes. These findings support the necessity of the
perfect base-pairing between piRNAs and their targets for
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Figure 6. Piwi is coimmunoprecipitated with the component of NPC Elys, as well as with the subunits of mRNA export complexes TREX and TREX-2
that are partially colocalized with NPCs. (A) Western-blot analysis of proteins, coimmunoprecipitated with a-Piwi antibodies from OSC extracts in the
presence (+) or absence (—) of RNase A, probed by a-Piwi, a-Armi, a-Xmas-2 or a-Thoc5 antibodies (n.i. — non-immune serum, 5% of input was loaded).
(B) Western-blot analysis of proteins, coimmunoprecipitated with a-Piwi (upper panel) or a-Elys (lower panel) antibodies from OSC extracts, probed
by a-Piwi or a-Elys antibodies. (C) Western-blot analysis of proteins, coimmunoprecipitated with a-Xmas-2 or a-Thoc5 antibodies from OSC extracts,
probed by a-Piwi, a-Xmas-2 or a-Thoc5 antibodies. (D-G) Double immunostaining of OSCs by Mab414 (NPC, green) together with a-Elys (red) (D),
a-Xmas-2 (red) (E), a-Thoc5 (red) (F) or a-Piwi (red) (G) antibodies. (H) Triple immunostaining of OSCs with a-Piwi (red), a-Pol II (green) and a-LBR

(blue). Note that unlike Pol II, Piwi does stain nucleolus. Scale bar 1 pm.

the induction of silencing in agreement with the data of (13—
15) indicating that Piwi’s presence on the reporter gene is
not sufficient for its repression.

What may be the mechanism of Piwi promiscuous
binding with RNA? Piwi may associate with RNA indi-
rectly, for example, via RNA-binding ability of its partner
Asterix/dmGtsf1 (11,12) or via the protein components of
mRNPs. However, we favor the hypothesis of direct Piwi
binding with RNA via mostly imperfect base-pairing of
transcripts with piRNAs. This idea is supported by the
results on Piwi’s closest Drosophila homolog Aubergine
promiscuously interacting with multiple genic transcripts
based on their incomplete (7-13 nt) complementarity with
piRNAs (65). Piwi-binding activity in Drosophila cells may
be similar to that of Miwi, which directly binds most
mRNAs in mouse pachytene spermatocytes and thus stabi-
lizes the mRNAs essential for further spermiogenesis (66).
The promiscuous binding of XIWI and XILI with numer-
ous genic transcripts without perfect complementarity to
piRNAs was also recently described in Xenopus (67).

We thus suggest that a small pool of Piwi linked to NPCs,
as well as more abundant nucleoplasmic pool of Piwi, inter-

act with the majority of newly synthesized transcripts in the
nucleus performing their scanning (Figure 7). If Piwi detects
the perfect complementarity between Piwi-loaded piRNAs
and the nascent TE transcripts, it initiates the transcrip-
tional silencing of the corresponding TEs (14,15). However,
if Piwi reveals the imperfect complementarity in the genic
and TE transcripts, it does not trigger silencing but still
remains bound to RNA in the mRNPs after their detach-
ment from the sites of transcription. Piwi’s association with
mRNPs is supported by the coimmunoprecipitation of Piwi
with the Thoc5 and the Xmas-2 mRNPs components, as
well as by the weak colocalization of Piwi with the chro-
matin (identified by a-Pol II staining, Figure 6H). We as-
sume that the majority of Piwi molecules in the nucleus are
shielded from the contacts with DNA in the mRNPs, by
analogy with the nascent transcripts that are protected by
mRNP proteins from the interactions with single-stranded
DNA in the R-loops (reviewed in (68)). We further suggest
that Piwi is released from mRNPs at nuclear pores due to
its binding to NPCs via Xmas-2, Elys or other NPC compo-
nents. Linked to NPCs Piwi interacts with the attached to
NPCs chromatin and, as a result, slightly more efficiently
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Figure 7. Working model of Piwi circuit in the nucleus. Piwi stochastically interacts with the nascent transcripts of genes and TEs scanning them for the
complementarity with loaded piRNAs. While capturing the perfect complementarity, Piwi triggers the transcriptional silencing of TEs. However, while
revealing the imperfect complementarity, Piwi remains bound with the transcripts in the mRNPs after their detachment from the sites of transcription
and continues to bind and to dissociate from mRNPs in the nucleoplasm. mRNP components may isolate the RNA-bound Piwi molecules from contacts
with DNA. Piwi is released from the passing through nuclear pore mRNPs by binding to NPCs (via Xmas-2, Elys or other NPC components). Therefore,
different pools of Piwi may exist in the nucleus. The smallest pool is composed from transiently linking to NPCs Piwi molecules, which interact with the
attached to NPCs chromatin and, as a result, slightly more efficiently bind and, probably, scan the transcripts of nearby genes and TEs. The released from
NPCs, more abundant Piwi fraction moves by Brownian motion to the chromatin positioned inside the nucleoplasm, where Piwi may scan the nascent
transcripts and may bind with mRNPs. Finally, the most abundant Piwi fraction is represented by already bound to mRNPs Piwi.

associates (Figure 5E) and probably, scans the transcripts
of nearby genes and TEs, whereas some Piwi molecules are
detached from the NPCs and scan the nascent transcripts
at distant to NPCs genomic locations. Weak difference in
the strength of Piwi association with RNA between NPC-
tethered and nucleoplasmic genes and TEs (Figure SE) may
be explained by the assumption that many Piwi interac-
tions with mRNPs occur in the nucleoplasm after these
RNPs have left the transcription sites. These interactions
may mask the effect of preferable Piwi binding with the
nascent transcripts of genes and TEs localized at NPCs.

In summary, in Drosophila OSCs, we revealed local Piwi
enrichment on genomic regions tethered to NPCs, including
promoters with highly paused Pol II. This Piwi enrichment
does not result in the repression of protein-coding genes,
but slightly enhances the ability of Piwi to bind with nascent
transcripts, likely in the search of the complementarity with
piRNAs. It is currently unclear whether Piwi’s presence at
NPCs, as well as Piwi’s binding with numerous nuclear tran-
scripts is a side effect of scanning mechanism or it has any
biological consequence. Therefore, the suggested model of
Piwi circuit in the nucleus may be considered as a frame-
work for future studies aiming to unravel the mechanism of
Piwi functioning.
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