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Transposable element dynamics and PIWI regulation
impacts IncRNA and gene expression diversity
in Drosophila ovarian cell cultures

Yuliya A. Sytnikova,1 Reazur Rahman,’ Gung-wei Chirn, Josef P. Clark, and Nelson C. Lau

Department of Biology and Rosenstiel Basic Medical Science Research Center, Brandeis University, Waltham, Massachusetts 02454,

USA

Piwi proteins and Piwi-interacting RNAs (piRNAs) repress transposable elements (TEs) from mobilizing in gonadal cells.
To determine the spectrum of piRNA-regulated targets that may extend beyond TEs, we conducted a genome-wide
survey for transcripts associated with PIWI and for transcripts affected by PIWI knockdown in Drosophila ovarian somatic
sheet (OSS) cells, a follicle cell line expressing the Piwi pathway. Despite the immense sequence diversity among OSS cell
piRNAs, our analysis indicates that TE transcripts are the major transcripts associated with and directly regulated by PIWI.
However, several coding genes were indirectly regulated by PIWI via an adjacent de novo TE insertion that generated
a nascent TE transcript. Interestingly, we noticed that PIWI-regulated genes in OSS cells greatly differed from genes
affected in a related follicle cell culture, ovarian somatic cells (OSCs). Therefore, we characterized the distinct genomic TE
insertions across four OSS and OSC lines and discovered dynamic TE landscapes in gonadal cultures that were defined by
a subset of active TEs. Particular de novo TEs appeared to stimulate the expression of novel candidate long noncoding
RNAs (IncRNAs) in a cell lineage-specific manner, and some of these TE-associated IncRNAs were associated with PIWI and
overlapped PIWI-regulated genes. Our analyses of OSCs and OSS cells demonstrate that despite having a Piwi pathway to
suppress endogenous mobile elements, gonadal cell TE landscapes can still dramatically change and create transcriptome

diversity.

[Supplemental material is available for this article.]

Transposable elements (TEs) are parasitic genetic entities found
across different organisms and have the potential to severely
damage host genomes. Important open questions are which
mechanisms have animals evolved to limit TEs from mobilizing
and disrupting essential genes, how TEs can evade this control to
fulfill their own needs to replicate, and what is the impact on
global gene expression from these competing events. While ge-
netics can explore these questions in gonads of intact animals (for
review, see Lau 2010; Siomi et al. 2011), biochemical approaches
with somatic and stem cells have also yielded much insight in TE
biology, such as in Han and Boeke (2004), Coufal et al. (2009),
Garcia-Perez et al. (2010), and Quinlan et al. (2011). The Drosophila
ovarian somatic sheet (OSS) cell line serves as a niche for exam-
ining TE control in a gonad-like context because these cells are
derived from follicle cells of the Drosophila ovary and express the
Piwi pathway—an important gonad-specific mechanism of TE re-
pression (Lau et al. 2009; Robine et al. 2009; Saito et al. 2009; Haase
et al. 2010).

The Piwi pathway is a conserved TE control mechanism in
animal gonads that is adaptive to new TE invasions because ani-
mals encode large intergenic loci (also called master control loci)
(Brennecke et al. 2007) that can take in TE sequence elements and
express them as Piwi-interacting RNAs (piRNAs). These piRNAs
incorporate into a complex with Piwi proteins and are thought to
act via base-pairing to target TE loci (Siomi et al. 2011). These Piwi/
piRNA complexes then trigger gene silencing mechanisms that are
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still not fully understood. Since most animal genomes, including
humans, are loaded with TE sequences, it is possible that the re-
pressive mechanisms of the Piwi pathway are not absolute and that
TEs may be retained for a useful function (Levin and Moran 2011;
Cowley and Oakey 2013). However, the diversity of all piRNA se-
quences in gonadal cells is so immense that many piRNAs could
theoretically target other transcripts beyond TEs, including many
coding genes if multiple mismatches are tolerated between targets
and Piwi/piRNA complexes (Fig. 1A).

To test the hypothesis that in gonadal cells there may be
unidentified non-TE PIWI/piRNA targets, we conducted a genome-
wide survey for transcripts associated with PIWI and for transcripts
that were regulated by PIWI in OSS cells. We deployed a compre-
hensive suite of RNA deep-sequencing approaches on OSS cells
such as PIWI crosslinking immunoprecipitation (PIWI CLIP-seq)
(Fig. 1B) and profiling total mRNAs and mRNAs from cellular
fractions, including nascent RNAs (Nascent-seq) (Fig. 1C). Com-
parison of steady-state mRNA and nascent RNAs was conducted
between OSS cells treated with a control small interfering RNA
(siRNA, siGFP) or a siRNA targeting PIWI (siPIWI). Surprisingly, the
PIWI-associated and PIWI-regulated transcripts in OSS cells were
quite distinct from a recent study of PIWI-regulated transcripts in
ovarian somatic cells (OSCs) (Sienski et al. 2012). This compelled
us to examine the TE landscapes in these two cultures as well as
earlier passages of both cell lines. Our study reveals that TEs are the
primary targets of repression by the Piwi pathway in OSCs and OSS
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Transcriptome profiling and CLIP-seq confirm that transposable elements (TEs) are the main direct targets of PIWI-mediated regulation. (A)
Bioinformatic prediction of PIWI/piRNA targets in OSS cells based on complementarity to piRNAs (Lau et al. 2009). With more mismatches (#MM), more
coding genes are predicted to pair with piRNAs. These data suggest possible PIWI
PIWI associated transcripts. (C) Scheme for cellular fractionation and mRNA and nascent RNA isolation from OSS cells treated with siRNAs. Western blots
confirm successful PIWI knockdown and separation of cytoplasmic from nucleoplasmic fractions. T} is a transcription factor marking nuclear fractions, while
tubulin is mainly cytoplasmic. (D) Different PIWI CLIP-seq profiles and corresponding piRNAs profiles of TEs with top PIWI CLIP scores. (Red) Plus strand
reads; (blue) minus strand reads. Normalized CLIP-seq reads were deemed significant from our CLIP-seq processing algorithm. (RPM) Reads per million.
(E) RNP-IP (RIP) assays validate TE transcript association with PIWI. Error bars correspond to standard deviation from five biological replicates. (F) Heat map
showing TE transcript level changes in different compartments after PIWI knockdown in comparison to PIWI CLIP-seq scores. PIWI CLIP-seq scores with
only red colors reflect primarily sense-strand patterns (Fig. 1D), only blue colors reflect primarily antisense-strand patterns (Supplemental Fig. S2F), and
both strands when both red and blue colors are shown.

targets beyond TEs. (B) Scheme for PIWI CLIP-seq approach to identify

1978 Genome Research

www.genome.org


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

Downloaded from genome.cshlp.org on June 20, 2026 . Published by Cold Spring Harbor Laboratory Press

PIWI impact on transposon/transcriptome dynamics

cells, and we report unexpected dynamics in the TE landscape
across earlier and current OSCs and OSS cell passages. Our data also
shed light on how gonadal cell genomes and the Piwi pathway
appear to tolerate TE mobilization events instead of absolutely
suppressing TEs. Finally, we suggest that the transcriptome differ-
ences between OSC and OSS cells may be the result of novel
transcription of long noncoding RNAs (IncRNAs) driven by their
unique TE landscapes and the Piwi pathway.

Results

The Drosophila OSS cell line expresses only primary piRNAs and the
single PIWI protein since it is derived from the follicle cells of the
Drosophila ovary (Niki et al. 2006; Lau et al. 2009; Haase et al.
2010). As such, OSS cells do not express the other Piwi pathway
proteins, AUB and AGO3, and lack secondary piRNAs. Thus they
are a simpler system to analyze PIWI-dependent gene regulation
compared to the nurse cells and oocyte which comprise the Dro-
sophila germline. We and other groups have maintained in-
dependent lines of these Drosophila follicle cell cultures which
originated from Niki et al. (2006), and a variant called the OSCs has
been utilized in functional studies of the Drosophila Piwi pathway
(Saito et al. 2009; Sienski et al. 2012). Despite similar morphology
and primary piRNA populations, there are notable gene expression
profile differences between the OSCs and our OSS cells (Cherbas
et al. 2011) as well as some differences in cell culture ploidy
(Supplemental Fig. S1A). Since many endogenous cells in Dro-
sophila (i.e., follicle, nurse, and salivary gland cells) naturally un-
dergo polyploidization, the different ploidy in OSC and OSS cells
may be a natural characteristic.

Many Drosophila cell cultures are persistently infected with
viruses, such as Drosophila S2 cells (Aliyari et al. 2008; Czech et al.
2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Flynt et al. 2009;
Goic et al. 2013) as well as OSS cells (Wu et al. 2010). Drosophila
cells stem this viral overload with RNA interference (RNAi) path-
ways, including the Piwi pathway; however, we have frequently
observed newly thawed and stressed OSS and OSC cultures suc-
cumb after a few weeks of growth as cells lose adherence to the
plastic substrate and lift off in clumps. We can eventually stabilize
stressed OSS cell cultures with a protocol that nurtures the sur-
viving cells back to a state of rapid mitotic growth (Supplemental
Fig. S1B).

Recovery of TE transcripts confirms approach to identify
PIWI-associated and PIWI-regulated transcripts

Since crosslinking and immunopreciptitation (CLIP) approaches
with Argonaute/microRNA (AGO/miRNA) complexes have suc-
cessfully discovered transcript targets (Chi et al. 2009; Hafner et al.
2010; Zisoulis et al. 2010; Leung et al. 2011), we applied the CLIP-
seq technique (also known as HITS-CLIP) to the PIWI protein from
OSS cell lysates after UV-light crosslinking (Fig. 1B; Supplemental
Fig. S2). Initial tests of the standard CLIP protocols developed for
AGO proteins (Chi et al. 2009; Zisoulis et al. 2010; Leung et al.
2011) onto PIWI in OSS cells yielded suboptimal RNA tag recovery,
possibly because PIWI targeting and nuclear localization is distinct
from AGO/miRNA complexes (Lau et al. 2009; Saito et al. 2009).
Therefore, we modified our PIWI CLIP-seq procedure to increase
RNA tag recovery while maintaining key reproducibility and
specificity controls (see Supplemental Text and Supplemental Fig.
$2). Reproducibility was ensured by using two independent PIWI
antibodies (one mouse monoclonal from Saito et al. (2006) and

a second rabbit polyclonal, each raised against different epitopes)
in altogether four biological replicates. At the same time, speci-
ficity was controlled by performing an IP with the rabbit poly-
clonal antibody pre-incubated with PIWI epitope peptide that
effectively blocked PIWI pull-down (Supplemental Fig. S2A).
Strong signals of radiolabeled RNAs in PIWI IPs appeared after UV
crosslinking, and we were able to construct RNA fragment libraries
after optimizing sonication and RNase T1 treatments (Supple-
mental Fig. S2B-E). To determine the PIWI CLIP tag patterns from
deeply sequenced libraries (Supplemental Table S1), we employed
a similar mapping and counting strategy of CLIP tags employed by
other groups analyzing AGO-protein CLIP tags (Chi et al. 2009;
Zisoulis et al. 2010; Leung et al. 2011).

PIWI CLIP-seq identified TEs known to be regulated by the
Piwi pathway in Drosophila follicle cells, such as gypsyl, ZAM,
and Idefix (Fig. 1D; Supplemental Fig. S2F; Pelisson et al. 1994;
Tcheressiz et al. 2002; Sarot et al. 2004; Brasset et al. 2006). In fact,
>100 TEs exhibited an enrichment PIWI CLIP score greater than at
least 1.5-fold over the antigen blocking peptide library signal (Fig.
1F). Most TE-associated piRNAs are antisense to the coding strand
of TEs, and consistent with this configuration, TE-associated PIWI
CLIP tags for some TEs like ZAM and mdg1 were primarily sense-
strand-oriented (Fig. 1D). These tags were broadly distributed
across the entire lengths of these TE consensus sequences. In-
terestingly, other TEs displayed PIWI CLIP tags that were in the
same strand polarity as the bulk of TE-associated piRNAs (i.e., 412,
Idefix) (Supplemental Fig. S2F). In general, TEs with more antisense
piRNAs also exhibited a greater number of antisense PIWI CLIP
tags (Supplemental Fig. S3A; Supplemental Table S2). These PIWI
CLIP tag patterns may represent putative precursors for TE-piRNAs,
which is consistent with the abundant PIWI CLIP tags from the
flamenco locus (data not shown) and is similar to putative piRNA
precursors detected in the CLIP-seq of mouse Piwi proteins MIWI
and MILI (Vourekas et al. 2012). We confirmed PIWI association
with TE transcripts enriched in ribonucleoprotein-IP (RIP) experi-
ments analyzed by quantitative RT-PCR (Fig. 1E).

To complement our PIWI CLIP-seq approach, we profiled
PIWI-regulated endogenous transcripts from OSS cells treated with
siRNAs knocking down PIWI compared to cells receiving a nega-
tive control siRNA (siGFP). In addition to total mRNA, we mea-
sured cytoplasmic, nucleoplasmic, and nascent RNAs to determine
the compartments where PIWI regulates target transcripts (Fig. 1C,F).
After normalization, we compared expression changes for various
TEs with their PIWI CLIP scores. In accordance with strong PIWI
CLIP enrichment scores, most TE transcripts that were strongly up-
regulated upon PIWI knockdown at the total mRNA level also
exhibited up-regulated nascent RNAs (Fig. 1F; Supplemental Fig.
S$3B,C). Although other regulation patterns in the cytoplasm and
nucleoplasm were more complicated, the up-regulated nascent RNA
changes suggested a transcriptional gene silencing mechanism,
which is discussed in greater detail below as well as tested in a sec-
ond study (Post et al. 2014).

The level of TE regulation by PIWI largely correlated with an
increasing number of piRNAs that are antisense to TEs but not sense
piRNAs that are unable to pair with TEs (Supplemental Fig. S3B,C).
In fact, the TEs with the greatest change in expression after PIWI
knockdown frequently were targeted by at least 2000 reads per
million (RPM) of antisense piRNAs (Supplemental Fig. S3B). This
trend was consistent with TE-sequence reporters that required
a similar bulk of PIWI/piRNA to target the reporter transcript for
gene silencing (Post et al. 2014). However, we also observed ex-
ceptions, such as copia2, which were strongly up-regulated after
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PIWI knockdown but had relatively fewer (~100 RPM) mapping
PiRNAs, and rover and roo, which had almost 10,000 RPM mapping
piRNAs but hardly any change after PIWI knockdown (Sup-
plemental Fig. S3B). Finally, a few TEs appeared to be regulated
only in the cytoplasmic fraction when no change was observed at
the nascent RNA level (Supplemental Fig. S3D). This may reflect
the cytoplasmic reservoir of PIWI, perhaps in organelles like the
Yb body (Saito et al. 2010; Olivieri et al. 2011; Qi et al. 2011).
In summary, the recovery of abundant TE sequences in the
PIWI CLIP-seq and comprehensive RNA-seq analyses validates our
approach.

Genic transcripts associated with or regulated by PIWI

Messenger RNA transcripts that were associated with or regulated
by PIWI fell into two groups. The first group were mRNAs with
high PIWI CLIP scores but were only modestly regulated by PIWI
and mainly in the cytoplasm (Supplemental Fig. S4; and Supple-

mental Text). Despite consistently enriched PIWI CLIP-seq scores,
cytoplasmic mRNA changes in RNA-seq and qPCR analyses and
reproducible RIP assay enrichment (Supplemental Fig. S4B-E),
these PIWI-associated transcripts did not exhibit changes in
Western blots and luciferase reporter tests (Supplemental Fig. S4F;
Post et al. 2014). Furthermore, gel shift assays with recombinant
PIWI and RNA sequences from these mRNAs only indicated pro-
miscuous RNA binding activity by PIWI (Supplemental Fig. S$4G,H).
These transcripts may reflect one tendency of the PIWI protein to
bind to a broad range of transcripts, such as diverse piRNA sequences.

The second group of PIWI-regulated genes were strongly up-
regulated upon PIWI knockdown but had low PIWI CLIP scores,
and there were few piRNAs mapped to them (Fig. 2; Supplemental
Table S2). These transcripts were strongly increased during PIWI
knockdown at the nascent transcripts level, resulting in their ele-
vation in the nucleoplasm and cytoplasm. Given the nascent RNA
changes at TE transcripts, we inspected the nascent RNAs from
these gene loci more closely and discovered detached, antisense
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Figure 2. De novo TE insertions near genes impart PIWI-mediated gene silencing. (A) Heat map of top PIWI-regulated genes identified in OSS cells with
low CLIP scores and which have a de novo TE insertion nearby. (B) Nascent transcript profiles for two loci that contain de novo TE insertions and are
strongly regulated by PIWI silencing. Arrows point to the changing levels of reads for genes and the independent nascent transcripts arising from the TE
insertion. (C) Genomic PCR confirms these persistent TE insertions specifically in the OSS_C line. “E” and “C" represent early and current passage of cells
(see Fig. 3A). These are persistent TE insertions because no reference genome amplicon (the lowest band) is detected. Asterisks mark side-product
amplicons. (D) Venn diagram showing distinct group of PIWI-regulated genes between OSCs and OSS cells. (£) Genomic PCR shows TE insertions specific
to the OSC cells. (Left panel) Genes noted in Sienski et al. (2012); (right panel) additional insertions near genes we validated in OSC cell genomes. These are
heterogeneous TE insertions because a reference genome amplicon is detected in addition to the TE amplicon. Asterisks mark side-product amplicons.
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transcripts near genes, such as Mec2 and fau (Fig. 2B). Upon am-
plifying by PCR and sequencing the amplicons, we confirmed that
the start of nascent RNA reads at these loci corresponded to precise
de novo insertion of a TE (Fig. 2C). We also confirmed by PCR that
the de novo TE insertion loci, such as CG3679 and chas, were very
persistent in the cultures by the lack of a reference genome
amplicon. Subsequent genome sequencing identified de novo TE
insertions for the remaining loci highlighted in Figure 2A.

Our OSS cell transcriptome analysis indicated that de novo
TEs were independently generating nascent transcripts. In a sepa-
rate study using reporter genes in OSS cells, we showed that
PIWI-mediated silencing requires piRNAs pairing with a nascent
transcript (Post et al. 2014); therefore we interpret that the nascent
transcripts arising from TEs may serve as a platform for recruiting
PIWI/piRNA transcriptional silencing that spreads to the adjacent
gene. This mechanism is consistent with the similar observations
reported by Sienski et al. (2012) that utilized OSCs, as well as in fly
ovaries reported by Huang et al. (2013), Le Thomas et al. (2013),
Ohtani et al. (2013), and Rozhkov et al. (2013).

However, the vast majority of the PIWI-regulated genes in
OSS cells were nonoverlapping with PIWI-regulated genes in
OSCs (only ~6% of PIWI-regulated genes shared between OSCs
and OSS cells) (Fig. 2D; Supplemental Table S3). Indeed, OSS cells
and OSCs exhibit distinct gene expression profiles despite shar-
ing a common origin from the Niki laboratory (Cherbas et al.
2011). Additionally, our genomic PCR analysis confirmed dif-
ferences in de novo TE insertion patterns between OSCs and OSS
cells as well as in different passages of the cells from previously
cryopreserved lines that were thawed and revived for genomic DNA
extraction (Fig. 2E). These data hinted at unique TE landscapes be-
tween OSCs and OSS cells.

A new pipeline to assess TE landscapes in OSC and OSS
cell genomes

To comprehensively determine the genomic differences between
follicle cell lines, we deeply sequenced the genomic DNA of our
current OSS cells (“OSS_C”) as well as two earlier passages of OSS
(“OSS_E”) and OSC (“OSC_E”) cells that we had revived from our
cryopreserved stocks (Fig. 3A). We then analyzed the deposited ge-
nomic sequence from Sienski et al. (2012) as current OSC (“OSC_C”)
cells, as well as sampled a vial of OSC_C from the Brennecke lab. All
genomes were sequenced with either 100 or 150 bp reads on the
Mlumina platform to at least a depth of ~25 million reads and an
average 10-fold genome coverage (Supplemental Table S1).
Inspired by previous methodologies for detecting de novo TE
insertions in Drosophila (Khurana et al. 2011; Kofler et al. 2012;
Linheiro and Bergman 2012; Sienski et al. 2012), we developed our
own custom pipeline that combined the efficiency of Bowtie
mapping of split reads (Langmead et al. 2009) with BLAT’s ability
to score the mappings according to degrees of matches (Kent
2002), enabling us to achieve greater sensitivity and specificity for
detecting de novo TE insertions from single-end (SE) reads (Supple-
mental Fig. S5; Supplemental Text). We pinpointed reads with one
end matching a specific TE while the other end matched the eu-
chromatic D. melanogaster Release 5/dm3 reference genome. Reads
were further clustered and then validated by BLAT so that de novo
TEs were frequently represented by reads spanning both sides of the
insertion. Our pipeline faithfully detected key TE insertions described
in Sienski et al. (2012) and all the TE insertions we had determined by
genomic PCR and resulted in 1196, 2847, 1143, and 1152 insertions
from the OSS_E, OSS_C, OSC_E, and OSC_C genomes, respectively

(Supplemental Table S4). We empirically determined that our al-
gorithm’s false discovery rate (FDR) was on average <12.1% for all
four libraries, and this was ~4-fold lower than other algorithms
that only used a split-read mapping approach with Bowtie (see
Supplemental Text). Importantly, the TE insertion reads pin-
pointed by our algorithm displayed signatures of target site du-
plications (TSD), which are short duplicated sequences flanking
the TE insertion (i.e., “CG-[TE insertion]-CG”) (Supplemental
Fig. S5C; Fig. 3F). This molecular signature results from the re-
pair and duplication of a staggered DNA cut during the TE mo-
bilization process (Bowen and McDonald 2001; Linheiro and
Bergman 2012).

Despite similar genomic categories for TE insertions, the
breakdown of the most prevalent de novo TEs was strikingly
different between the cell passages (Fig. 3B). gypsy and roo were
the dominant de novo TEs in OSS_E cells, and a specific variant
of gypsy called springer expanded significantly in the OSC_E and
OSC_C line. However, the OSS_C genome truly stood out with
more than twice as many TE insertions compared to the other
lines, and ZAM was the main dominant TE, accounting for
a surprising 41% of the de novo insertions. Indeed, the large
presence of de novo ZAM insertions in OSS_C cell genomes is
consistent with high PIWI CLIP-seq scores corresponding to
ZAM (Fig. 1D), ZAM being the second most abundantly
expressed TE (after copia) at steady state in siGFP-treated OSS
cells (data not shown).

From genomic PCR analyses, TEs near the fau and Mec2
genes were fully persistent in the culture, whereas other loci,
such as in CG15278, KCNQ, Prosap, and Dlp, exhibited both the
“reference genome allele” and the “TE allele” (Fig. 2E). There-
fore, we computed a coverage ratio (CR) for each TE insertion by
dividing the number of TE insertion reads by the number of
reference genome-mapping reads falling within the same co-
ordinates covered by the TE insertion reads (see Supplemental
Text). The karyotypes for both OSCs and OSS cells are a mixture
of diploid and putatively polyploid cells (Supplemental Fig.
S1A), and OSS cells tended to be more polyploid. Because our
genome sequencing covers the entire spectrum of insertion
types within the culture, we designate “Persistent” TE insertions
having a CR > 4.0, while other TE insertions with CR = 4.0 were
considered “Heterogeneous.”

When these classes of TE insertions were plotted (Supple-
mental Fig. S6; Fig. 3C), the patterns were highly dispersed across
the lengths of the major euchromatic chromosomes 2, 3, and X.
There was a range of proportions between persistent TE insertions
versus heterogeneous TE insertions among the cell passages and
within the different major chromosomes. The right arms of chro-
mosome 2 from OSC_E, OSC_C, and OSS_E were depleted in het-
erogeneous TE insertions, while the entire genome of OSS_C had
a greater proportion of heterogeneous TE insertions (Fig. 3D). As
expected, de novo TE insertions tended to avoid exons, whose
disruption might nullify protein expression (Fig. 3E). However, in
all cell lines there were statistically significant preferences for TEs
to insert in intronic and intergenic regions within 1 kb of a gene’s
annotation when compared to chance. This could be attributed to
greater chromatin accessibility (Fontanillas et al. 2007; Spradling
et al. 2011) and, perhaps consequently, more frequent impact on
gonadal cell transcriptomes.

De novo TEs did not accumulate in “hot spots” like existing
TEs, which concentrate in the piRNA-generating clusters and the
assembled pericentromeric heterochromatin in the D. melanogaster
Release 5 reference genome. Our algorithm, which requires one
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Figure 3. Genome sequencing of follicle cell lines reveals de novo TE landscape diversity. (A) Diagram of the history of the OSS and OSC cell lines used in
this study and which genomics approaches were applied to specific cell lines. (B) Proportions of the classes of TEs comprising all de novo TE insertions.
(C) Distribution of persistent and heterogeneous TE insertions on the Drosophila chromosome 2, overlaid on the D. melanogaster Release 5/dm3 genome
proportions of TEs comprising the left and right arms. Complete genome-TE landscape maps are in Supplemental Figure S6. (D) Dot graph of the ratios of
persistent TE insertions among the different chromosomes in the four cell lines. Whereas all chromosomes in OSS_C cells have a similar lower ratio of
persistent TE insertions, chromosome 2R has a notably higher proportion of persistent TE insertions in OSC cells and OSS_E cells. (E) The frequencies of TE
insertions in different genome functional regions are significantly distinct from the expected proportions of functional regions in the Release 5/dm3
reference genome. (**) P-value < 0.001, (*) P-value < 0.05; Fisher's exact test. (F) Examples of tandem de novo TE insertions in OSS_C and OSC_C cells.
(G) An emerging “hot spot” for multiple ZAM insertions in the OSS_C genomes.

uniquely mapping reference genome anchor, is limited in re-
solving de novo TEs in heterochromatin. However, we noted
several instances in both OSS and OSC genomes of tandem in-
sertions of the same TE class as close as <50 bp apart (Fig. 3F). The

major expansion of ZAM in OSS_C cells also created a 30-kb re-
gion containing 10 ZAM insertions with two other TEs, suggest-
ing this could be an emerging “hot spot” for de novo TEs to land
(Fig. 3G).
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TE landscapes reveal the relatedness between early and current
OSC and OSS cell passages

To examine the dynamics of TE landscapes between cell passages,
we generated similarity and difference maps of TE insertions be-
tween two cell genomes (Fig. 4A; Supplemental Fig. S7). We first
compared the genomes of early passages of OSCs and OSS cells to
current passages and partitioned persistent TE insertions (CR > 4)
from heterogeneous insertions to illustrate dynamic TE insertion
emergence. This is highlighted in the heterogeneous TE insertions
that comprised the bulk doubling of TE insertions in the OSS_C
line compared to the “ancestral” OSS_E genome (Fig. 4B). In con-
trast, the total number of de novo TEs did not substantially in-
crease between OSC_C and OSC_E passages, because the gain of
heterogeneous TE insertions was offset by the loss of persistent
insertions between OSC cultures (Fig. 4A,B).

These de novo TE difference maps enabled us to examine cell-
passage relatedness, as visualized in a Euler plot (Fig. 4C). The
majority of de novo TE insertions (>76%) were shared in OSC_E
and OSC_C cells (see also Fig. 3B), confirming their close re-
latedness in originating from the Siomi laboratory and being pas-
saged for a shorter time compared to OSS_C cells. In contrast, only
aminor proportion (12%) of OSS_C TE insertions were shared with
the OSS_E cell passage, with OSS_C insertions largely being dis-
tinct from OSC_E, OSC_C, and OSC_E genomes. Rather, OSS_E
shared a greater proportion of its insertions (~47%) with the

OSC_E and OSC_C lines, which is consistent with the history of
closer time frames from when these cells were first obtained from
the Niki laboratory source (Fig. 4D). Therefore, the duration of
culturing and other factors may have greatly distorted the TE
landscape of OSS_C cells so that they have become a distinct fol-
licle cell population, unique from OSCs and earlier passages of OSS
cells. Despite a modest increase in overall de novo TE insertions in
current versus early OSCs, these data also suggest OSCs generally
exhibit more stable TE landscapes compared to OSS cells.

De novo TE insertions stimulate novel candidate
long-noncoding RNAs (IncRNAs) that associate
with PIWI and overlap with PIWI-regulated genes

The distinct TE landscapes between OSCs and OSS cells prompted
us to examine how extensively TE insertions could alter tran-
scriptomes beyond TEs and mRNAs. By searching nascent RNA
reads around the vicinities of de novo TEs insertions, we also dis-
covered 204 and 289 candidate IncRNAs in current OSCs and OSS
cells, respectively (Fig. 5; Supplemental Table S5). Our conservative
criteria for determining unambiguous candidate IncRNAs near TEs
is defined by at least 10 RPM of nascent RNA tags, being at least
1-kb long, and were within 1 kb or overlapping a de novo TE in-
sertion. These candidate IncRNAs were transcribed completely
antisense to coding transcripts (~71%), or from unannotated ge-
nomic regions (~23%), or beginning within a large intron of
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SIS o0 T° o8 8 0% LTt v OSS_E specific

® ®eo®p@e® Common

Tl LSBT SITLER NS LINEPN, S 2IWNLIMAMAT ™ @ meogrpprttte.s OSS_C specific

® CR>4, Persistent

T T T T i i
Chr. X 5M 10M 15M 20M TE insertions
o ® CRs 4, Heterogeneous
e, 0o ® o o o__o o o . . o o o o=z, ¢, OSC_E specific TE insertions
e % PV TOL W IPUTRS, SSICREPP w9 o,nwe opemp 2I® *2 COmMmMON
° o o eece 0 oo ee0 o % e s % e *e OSC_C specific
T T T T
Chr. X 5M 10M 15M 20M
0osc_c (O OSS_E
B c 1085 sites 1138 sites @98s8.¢
® 2604 sites
S 30K 1.0K 120
£ HCR<4 0ss_E 0SC_E
% mCR>4 vs vs
£ 20K 0ss_c osc_c
pu 500 60
9 10K 46
)
<
8 o 0
AR COLOYGL O QGG G
S 85655 E5¢s7 66 8680 86066 8
FEEE STETTEET” SEECECES
Chr2 Chr3Chr4ChrX  Chr2 Chr3Chr4 ChrX
D Original »OSC_E line »0OSC_Cli
________ | - | ne
0SS/0SC _ time ——> )
line P OSS_E line=m==m= == e e e e e » OSS_C line

Figure 4. Comparison of TE landscapes indicates dynamics and relatedness of gonadal cell lines. (A) Difference maps of Drosophila chromosome X
comparing OSS early and current and OSC early in current cell lines. Each dot represents a TE insertion locus that is either specific to one cell line or
commonly shared by both compared lines. Dots for persistent and heterogeneous insertions are offset to aid visualization. Complete D. melanogaster
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similarities and expansion of TEs during prolonged culture of OSS cells.
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Figure 5. Novel long noncoding RNAs (IncRNAs) are stimulated by de novo TE insertions. (A) Heat map of representative OSS cell genes overlapped by
IncRNAs and up-regulated during PIWI knockdown. D. melanogaster Release 5/dm3 reference genome coordinates are shown here; updated Release 6
coordinates are in Supplemental Figure S8E. (B) Representative IncRNA loci in OSS cells, with nascent RNAs in upper tracks and PIWI CLIP tag profiles in
lower tracks. The IncRNA-NL-Trim9 is on the minus strand (blue reads), while the IncRNA-NL-RpL37b is on the plus strand (red reads). Arrows point to coding
transcripts for Trim9 (red reads) and RpL37b (blue reads) that increase when PIWI is knocked down. Location of de novo TE insertions are at the bottom of
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a gene and extended at least 1 kb beyond the stop codon (~6%).
The mean and median lengths of these transcripts were ~22 kb
and ~12 kb long in OSS cells, respectively, and ~17 kb for both
mean and median lengths in OSCs. These differences in average
candidate IncRNA lengths may be due to OSS cells being profiled
by Nascent-seq, while OSCs were profiled by GRO-seq. Although
both techniques effectively measure nascent RNAs, slightly dif-
ferent nascent read profiles have been observed (Ferrari et al. 2013).
Despite the fact that our list of candidate IncRNAs in OSCs and OSS
cells was distinct from another list of Drosophila IncRNAs derived
from modENCODE data sets (Brown et al. 2014), the bulk of these
IncRNA transcripts were predicted by the Coding-Potential As-
sessment Tool (CPAT) (Wang et al. 2013) to have overall protein-
coding probabilities below 2%, well under the coding potential of
equivalent protein-coding transcripts and supporting their char-
acterization as IncRNAs (Supplemental Fig. S8A).

Although most of these TE-associated IncRNAs were tran-
scribed antisense to a coding gene, only ~5% and ~15% of OSS
and OSC TE-linked IncRNAs, respectively, overlapped a coding
gene that was up-regulated upon PIWI knockdown (Fig. 5A; Sup-
plemental Table S5). For example, RpL37b and Trim9 transcripts
were up-regulated ~8- and ~3-fold upon PIWI knockdown in OSS
cells even though the IncRNA transcripts that overlapped them
were unaffected. The PIWI CLIP-seq scores at these two transcripts
were complicated by the fact that the majority of the CLIP tags
actually corresponded to the TE-linked IncRNAs (Fig. 5B). We
conducted RIP assays to confirm that these IncRNAs were associ-
ated with PIWI (Fig. SD), yet few piRNAs mapped to these IncRNA
loci. In RT-PCR experiments with one primer within the de novo
TE insertion and a second primer for the IncRNA, we found that TE
sequences are part of the same transcript as the IncRNAs and were
enriched in PIWI IPs (Fig. SE). PIWI recruitment to IncRNAs could
begin with piRNAs base-pairing to the TE sequences; however, the
much broader PIWI CLIP-seq tags throughout the rest of the
IncRNAs could also be attributed to promiscuous RNA binding by
PIWI, which was observed in our in vitro experiments (Supple-
mental Fig. S4H), as well as in previously reported studies with
mouse Piwi proteins (Vourekas et al. 2012). Further study will be
needed to understand why some IncRNAs are unaffected by PIWI
while the overlapping gene nearest the TE is silenced. We propose
the hypothesis that IncRNAs could act as a “decoy” for PIWI binding
without a piRNA, and thus not yet activating PIWI for silencing.

In fact, most IncRNAs (77%) in OSS cells like the IncRNA-NL-
Trim9 and IncRNA-NL-RpL37b were not significantly affected after
PIWI knockdown, but IncRNA-NL-CG15483 and IncRNA-NL-EcR
represent two clear examples of OSS IncRNAs clearly affected by
PIWIsilencing (Supplemental Fig. S8B). In contrast, the expression
levels for the majority (62%) of IncRNAs in OSCs were up-regulated
upon PIWI knockdown, such as IncRNA-NL-igl and IncRNA-NL-
Lim3 (Fig. SC). We also do not fully understand the differences in
IncRNA regulation between OSCs and OSS cells, which could be
due to other epigenetic mechanisms operating differently between
these two cell lines.

To show that PIWI also associated with IncRNAs in OSCs, we
need to examine the stable IncRNAs in OSCs in untreated cells, but
most OSC IncRNAs were lowly expressed. However, we found two
putative TE-linked IncRNAs that were highly expressed in un-
treated OSCs, IncRNA-NL-CG4983 and IncRNA-NL-Cyp4p2 (Fig.
5C), and were enriched in the PIWI RIP assay (Fig. SD). These
IncRNAs were not automatically classified in our algorithm be-
cause they were transcribed from the same sense strand of coding
genes, yet extended many kilobases beyond the shorter annotated

coding transcripts. These examples suggest that we are under-
estimating the total IncRNA diversity in Drosophila and highlight
the challenge imposed by the compactness of the Drosophila ge-
nome on IncRNA determination.

Less than 13% of the unambiguous IncRNAs had overlapping
coordinates between OSCs and OSS cells (Fig. 6A), with two ex-
amples in IncRNAs-NL-fau and IncRNA-NL-Sp7 (Fig. 6B). Despite the
same genomic coordinate window on these loci, the IncRNAs be-
tween the cell lines were actually different in their start sites and
profiles as well as distinct de novo TE insertions. Therefore, we
hypothesized that the de novo TE diversity between cell lines
could actually be the major driver of differences in IncRNA ex-
pression. When we counted only the de novo TE classes proximal
to IncRNAs (24% and 18% of the total de novo TEs in OSCs and OSS
cells, respectively), ZAM was still the dominant TE in OSS cells, while
springer and gypsy were the dominant TEs in OSCs (Fig. 6C); thus,
IncRNA-associated TEs reflected the overall TE expansion in the cells’
genomes. We also calculated that the majority of the IncRNA-asso-
ciated TEs were inserted at the 5’ end of the IncRNA (~77% and
~62% in OSCs and OSS cells, respectively), suggesting a bias in
the insertion position for these TEs to favor stimulating IncRNA
expression.

To examine this hypothesis experimentally, we scrutinized
our deep-sequencing data sets for IncRNAs that were present in
current OSCs but not in current OSS cells and vice versa (Fig. 6B).
We performed RT-qPCR on total RNA from OSCs and OSS cells on
two OSS cell-specific IncRNAs (IncRNA-NL-Trim9 and -NL-RpL37b)
and four IncRNAs specific to OSCs (IncRNA-NL-Chr2L:5.47M, -NL-
Cyp4p2, -NL-CG4983, and -NL-CG4168) to confirm that IncRNA
expression was only occurring in one but not the other cell line
(Fig. 6D). We then confirmed by genomic PCR that only in the cell
line where a IncRNA was expressed was there a de novo TE insertion
present; whereas genomic PCR and RT-qPCR also confirmed that
the reference genome amplicon was present in those cell lines
which then lacked IncRNA expression (Fig. 6E). Altogether, these
data imply that the de novo TEs are responsible for stimulating
IncRNA expression in both OSCs and OSS cells and contributing to
transcriptome diversity.

Discussion

In this study, we determined the spectrum of transcripts that are
regulated by the Piwi pathway in OSS cells, which serve as a simpli-
fied model system compared to the fly ovary because they express
only a single PIWI protein and primary piRNAs (Lau et al. 2009; Saito
et al. 2009). Our approaches confirmed TE transcripts are the main
targets of PIWI-mediated repression, whereas a set of genes with de
novo inserted TEs were also suppressed by PIWI at the nascent RNA
level indirectly through silencing of the adjacent TE. These data were
further supported by our complementary reporter assay study that
indicates PIWI-mediated gene silencing requires a bulk of antisense
piRNAs to pair with a TE target, and this mechanism can rapidly
repress transcription prior to RNA splicing on transgenes (Post et al.
2014). Our conclusions are consistent with other studies examining
PIWI genessilencing (Li et al. 2009; Haase et al. 2010; Saito et al. 2010;
Sienski et al. 2012; Donertas et al. 2013; Huang et al. 2013; Le
Thomas et al. 2013; Ohtani et al. 2013). However, our study dis-
tinctly shows that despite many coding gene transcripts predicted to
base-pair with piRNAs (Fig. 1A), the association of PIWI/piRNA
complexes with coding gene transcripts is much more limited,
whereas PIWI-mediated silencing is triggered through a bulk in-
teraction of PIWI/piRNAs with targets like TEs (Post et al. 2014).
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Figure 6. TE landscape differences correlate with IncRNA diversity. (A) Venn diagram of unambiguous IncRNAs that are mostly distinct populations
between OSCs and OSS cells. The overlap represents INCRNAs that overlap by at least 1 kb in genomic coordinates from the D. melanogaster Release 5/dm3
genome. (B) Representative loci where both OSC and OSS cell genomes contain TE insertions, but the differences in TE composition are linked to
differences in INncRNA configurations. (C) Composition of the major TE classes falling within IncRNA loci. (D) Quantitative RT-PCR of IncRNA expression,
normalized to Rp49 levels, for loci where TE insertions are present in just one follicle cell line (INcCRNA-NL-Trim9 and -NL-RpL37b in OSS cells; -NL-
Chr2L:5.47M, -NL-Cyp4p2, -NL-CG4983, and -NL-CG4168 in OSCs). (E) Genomic PCR confirmation of de novo TE insertions that are either only in OSCs or
only in OSS cells. Asterisk marks a nonspecific amplicon, and sequence-specific obstacles in primer design prevented genomic PCR validation of TE
insertions in the CG4168 locus. (F) Model for TE dynamics in follicle cell cultures that result in distinct TE landscapes and unique transcriptome profiles,

including the production of novel IncRNAs.

By comparing PIWI-regulated transcriptomes between OSCs
and OSS cells, we discovered an unexpected diversity of de novo TE
landscapes. Furthermore, after analyzing earlier cryopreserved
passages of OSCs and OSS cells, we propose a model for TE dy-
namics under the influence of the Piwi pathway (Figs. 4D, 6F). The
similarities in TE landscapes between OSC_E, OSC_C, and OSS_E
lines may suggest that they are the earliest and most stable de-
scendants of an initial gonadal cell culture. However, standard
culture conditions can still generate variation among individual
cell genomes within a culture, as groups of cells fluctuate in their
growth proportions and undergo “bottlenecks” during crises. This
can then create heterogeneity of TE persistence within these group-
cell analyses and a general increase in the number of de novo TE
insertions. Alternatively, the dynamic TE landscapes might also re-
flect differential selection of pre-existing heterogeneity in the

aggregate cell population or reflect discrepancies between piRNA
abundance and TE de-repression (Khurana et al. 2011).

With prolonged continuous culture of the OSS_C line, a more
extreme scenario emerged where TEs like ZAM have greatly ex-
panded in the genome and escaped suppression by the Piwi
pathway. ZAM is naturally expressed in Drosophila follicle cells
(Meignin et al. 2004), where it can generate virus-like particles
from follicle cells that can be transmitted to the oocyte (Brasset
et al. 2006). However, the two piRNA clusters flamenco and COM
typically keep this TE in check by providing ZAM-directed piRNAs
that will direct PIWI-mediated gene silencing to the ZAM loci
(Desset et al. 2003, 2008; Saito et al. 2006; Vagin et al. 2006;
Brennecke et al. 2007; Mevel-Ninio et al. 2007). ZAM mRNAs are
prevalent in OSCs and OSS cells despite the presence of ZAM-di-
rected piRNAs (Lau et al. 2009; Saito et al. 2009; Sienski et al. 2012),
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yet OSCs have few ZAM de novo insertions and instead have
allowed springer to gain a foothold. Determining how the ZAM TE
specifically accumulated in OSS cells and evaded suppression by
the PIWI/piRNA complex will be an important future direction.

Our analysis reveals that TE dynamics and landscape diversity
can profoundly affect transcriptomes in follicle cells, rendering
different genes to become targets of PIWI regulation while also
promoting the expression of novel repertoires of InCRNAs. Some de
novo TEs at IncRNA loci may exhibit dually opposing functions: on
the one hand imparting PIWI-mediated gene silencing to nearby
coding genes and on the other hand stimulating IncRNA expression.
Furthermore, our data suggest PIWI may associate with IncRNAs in-
dependently of piRNA base-pairing, similar to a model for MIWI in-
teraction with certain transcripts (Vourekas et al. 2012). Additionally,
some IncRNAs were transcribed antisense to other genes that
appeared to decrease in expression after PIWI knockdown, most
significantly in the cytoplasm (Supplemental Fig. S8C,D). Because the
multi-kilobase lengths of IncRNAs pose a challenge to test their
function, (e.g., in our reporter assay for PIWI-silencing) (Post et al.
2014), the down-regulation mechanism of these IncRNA-associated
coding genes after PIWI knockdown remains unclear. However, this is
reminiscent of PIWI-linked gene activation at a telomeric gene locus
in Drosophila (Yin and Lin 2007). Future approaches will be needed to
evaluate the function of these novel PIWI-associated IncRNAs.

The regulation of TE-associated IncRNAs is highly complex,
perhaps integrating additional levels of epigenetic regulation be-
yond the Piwi pathway. For instance, we observed hints at a few
IncRNA loci that both the silencing mark of histone H3-lysine-9-
trimethylation (H3K9me3) as well as the gene expression marks of
RNA polymerase II (RNA Pol II) and H3K36me3 were present
(Supplemental Fig. S9A,B). We cannot yet determine whether these
IncRNAs are functionally required for PIWI-mediated gene silencing
or if they are perhaps acting as a “decoy” for PIWI binding and
contributing to the de novo TE'’s expression. However, it is clear that
IncRNA expression differences between OSCs and OSS cells corre-
lates with particular de novo TEs inserted in one line and not the
other. Additionally, this mechanism to generate novel IncRNAs via
new TE insertions that could be subjected to Piwi regulation might
be a route for animal genomes to sample newly emerging IncRNAs,
modulating their expression via the Piwi pathway until a function
for the IncRNA is selected. Recently, a number of vertebrate IncCRNAs
have also been suggested to be stimulated by TEs (Kelley and Rinn
2012; Kapusta et al. 2013); thus it is tempting to speculate that Piwi
pathways in vertebrates may also regulate TE-associated IncRNAs.

Deep-sequencing of inbred fly lines from the Drosophila Ge-
netic Reference Panel has also revealed extensive diversity in de
novo TE insertions, with multiple insertions detected per fly line
and in all the inbred lines (Linheiro and Bergman 2012; Mackay
et al. 2012). In contrast to a whole animal, OSS cells are un-
encumbered by the sensitivity of gonad development, and a cell
culture selection experiment can sample millions of genomes in
a culture dish simultaneously. Therefore, OSS cells suitably com-
plement fly genetic studies and are a rapid system to explore the
effect of the Piwi pathway on the emergence of new de novo TE
landscapes. Furthermore, the biochemical tractability and RNA-
seq approaches we have described here will enable future efforts to
show how each distinct TE landscape can impact gonadal cell
transcriptomes including the generation of novel IncRNAs. It will
be interesting to determine what may be the upper limit for animal
cell genomes to accommodate additional de novo TE insertions
while under PIWI regulation and during changes in cell ploidy
(Supplemental Fig. S1; Ng et al. 2012; Arkhipova and Rodriguez

2013). The natural dynamism of TE landscapes in Drosophila fol-
licle cell cultures will be integral for further studies on how the
Piwi pathway and TEs influence gene and genome regulation.

Methods

OSS cell cultivation and siRNA treatments

0SS and OSC cell cultures and siRNA knockdowns were performed
according to Niki et al. (2006), Lau et al. (2009), and Saito et al. (2009),
with additional culture modifications only during the stabilization
process for culturing our current OSS cells. For PIWI depletions,
500 pmol siRNAs were electroporated into a 10-cm plate of OSS
cells using Amaxa kit V (program D013), and cells were cultured for
6 d before harvesting. Successful depletion was assessed by Western
blotting. All oligonucleotide sequences utilized for knockdowns,
genomic PCR, qRT-PCR, and library constructions are listed in
Supplemental Table S6.

Western blots, antibodies, recombinant GST-PIWI purification,
and EMSA

Western blotting was performed according to standard protocols. The
mouse anti-PIWI antibody was a gift from the Siomi laboratory.
Rabbit polyclonal antibody to PIWI was raised to the synthetic pep-
tide that corresponds to the N terminus (CADDQGRGRRRPLNEDD).
Mouse anti-alpha Tubulin (E7A) antibody was purchased from the
Developmental Studies Hybridoma Bank. GST-PIWI was expressed
from pGEX 6P-1-piwiin BL21(DE3)Rosetta cells induced overnight
at 16°C. Cells were lysed in a lysis buffer (50 mM KH,POy, pH 8; 1M
NaCl, 5 mM B-mercaptoethanol, 3% glycerol, 1 mM PMSF) with
sonication and purified on a GST resin column (GE Healthcare)
according to manufacturer instructions. A mobility shift assay was
performed essentially as described (Cho et al. 2012).

PIWI CLIP-seq procedure

PIWI CLIP-seq procedures were adapted from Chi et al. (2009)
and Leung et al. (2011) (see Supplemental Methods). In brief,
two 10-cm dishes of OSS cells were irradiated with UV light and
then lysed in a dounce homogenizer, followed by sonication in
Q buffer (20 mM HEPES-KOH, pH 7.9; 10% glycerol; 0.1 M
KOAc; 0.2 mM EDTA; 1.5 mM MgCl,; 0.5 mM DTT; 1X Roche
Complete EDTA-free Protease Inhibitor Cocktail; 0.5% NP40).
Protein A/G magnetic beads (Pierce) were coated with anti-PIWI
antibodies at 60 nug per 60 ul of beads for 2 h at 23°C, and washed
with PBS. For the antigen-blocking peptide block negative
control experiment, 0.1 mg/mL of the peptide was pre-in-
cubated with antibody-coated beads for 1 h prior to adding OSS
cell lysate. Extracted RNAs from PIWI complexes were labeled
with PNK and 32P-yATP.

To generate CLIP-seq libraries, a pre-adenylated 3’ adaptor
was ligated to PIWI-bound RNAs attached to beads. T4 PNK and
ATP were then added to the beads for 5'-end phosphorylation.
Beads were then washed four times with PNK buffer and RNA, and
proteins were eluted in Laemmlie SDS-PAGE loading buffer and
resolved on a Bis-Tris Nu-PAGE gel, 4%-12% (Invitrogen). The re-
gion around ~80-200 kDa was cut out, and RNA was extracted
from gel slices by passive elution and cleaned up with the RNA
Clean & Concentrator kit (Zymo Research). 5’ adaptors were li-
gated overnight and reverse transcription was performed with
SuperScript III RT. DNA was amplified with Phusion polymerase,
and 100- to 200-bp products were sequenced on the Illumina
HiSeq 2000 platform (50-bp run).
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RNP immunoprecipitation (RIP) assay

Cell lysates were subjected to IP with 25 ul of protein A/G magnetic
beads (Pierce) and 20 pg of antibody in the presence of 1 unit/pl of
Ribolock RNase inhibitor. Beads were washed five times with Q
buffer; RNA was extracted with TRI reagent from 80% of the beads.
RT-qPCR was done using M-MLV reverse transcriptase and GoTaq
SYBR Green Master Mix (Promega). Twenty percent of the beads
were subjected to Western immunoblot. The amount of immu-
noprecipitated RNA was normalized to the amount in 10% of input
and rabbit IgG was used as a negative control.

Cell fractionation, messenger RNA, nascent RNA,
and qRT-PCR analysis

Cell fractionation and isolation of native nascent transcripts (NUN
fraction) was done according to Khodor et al. (2011). RNA was
extracted from OSS cells and fractions by TRI reagent RT (MRC
Inc). The remaining DNA was digested by 6 units of DNase I (NEB).
Total RNA samples as well as RNA from the cytoplasm and nucle-
oplasm were subjected to two rounds of polyA enrichment using
biotinylated (dT),s oligo and a PolyATtract kit (Promega). RNA
from the NUN fraction was depleted from ribosomal RNA using
a biotinylated oligo set (Pennington et al. 2013). RNA-seq libraries
were obtained from four independent PIWI knockdown experi-
ments using four different library construction protocols: (1)
ScriptSeq V1; (2) ScriptSeq V2 (Epicenter; performed according to
manufacturer’s instructions); (3) random primer-based library
construction protocol (Pennington et al. 2013); and (4) mRNA
fragmentation followed by the small RNA library construction
protocol (SRNA-seq) (Matts et al. 2014). Sequencing was performed
on an Illumina HiSeq 2000, and 50-bp-long reads were processed
and split according to their index primer barcodes.

To experimentally validate RNA expression changes, reverse
transcription was performed using 0.2 pg of RNA and M-MLV reverse
transcriptase (Promega). QPCR was performed using GoTaq SYBR Green
Master Mix (Promega) on a Bio-Rad C1000 quantitative PCR machine.

Bioinformatics analysis of CLIP-seq, RNA-seq, and nascent-seq

We developed our algorithmic procedures modeled after Chi et al.
(2009), Khodor et al. (2011), Leung et al. (2011), and Pennington
et al. (2013) and were written as custom C and shell scripts. FASTQ
file reads were quality checked, adaptor sequences were trimmed,
and reads were mapped to the RefSeq transcripts and genomic
sequence from the D. melanogaster Release 5/dm3 genome by using
Bowtie (allowing maximum two mismatches) (Langmead et al.
2009). Structural RNAs were determined by cross-mapping to
a custom database and removed from subsequent analyses. TE
reads mapping was performed against a list of Drosophila consensus
TE sequences obtained from the Repbase database, Release 19
(Kapitonov and Jurka 2008) and from FlyBase, Release 5 (Kaminker
et al. 2002), while virus sequences were obtained from GenBank.
Within each data set of mapped reads, signal merge counts for
unique reads were obtained (read frequency information was dis-
missed to avoid the jackpot effect). The basic processing pipeline is
written in the shell script (process-quick.sh).

To subtract the background signal based on transcript ex-
pression levels in the PIWI CLIP-seq, we implemented the noise
filters previously described in Chi et al. (2009) and Leung et al.
(2011). For each gene, the combined expression data from four
RNA-seq experiments performed in this study were subjected to
logio transformation. To model the random association of RNA
fragments during IP, the in silico CLIP algorithm broke each mRNA
sequence into 50-nt windows and then calculated random CLIP as-

sociation probabilities based on the log,o of transcript expression
level. The calculated value was subtracted from experimentally
merged CLIP counts, and final signals were quantified by RPM. The C
code for the simulation is called ngs_remove_clip_noise_by_mrna.c.

The top 50 genes with the highest PIWI CLIP-seq scores were
picked for motif analysis. Up to the three highest peaks in the exon
regions of each gene were selected, and the sequences of 150-bp
length around the peaks were retrieved for motif analysis. A set of
202 sequences of 150 bp each from genes without CLIP signal were
used as the negative sample. Motif analysis was performed using
MEME (Bailey et al. 2009), GLAM2 (Frith et al. 2008), and Weeder
(Pavesi and Pesole 2006).

Libraries obtained by RNA-seq were sorted according to barc-
odes in 5'-linker sequence, followed by trimming of linker se-
quences. RNA-seq reads were mapped with Bowtie to the exons of
a RefSeq transcript gene list from the D. melanogaster Release 5/dm3
genome. Repbase was used for mapping reads to repetitive elements
(Kapitonov and Jurka 2008). Gene expression was quantified by
RPKMs (reads per kilobase per million) and each gene’s RPKM value
was further normalized to the RPKM value of Rp49 (also known as
RpL32). In addition, we conducted our differential expression
analysis using the Bioconductor packages EdgeR (Robinson et al. 2010)
and DESeq (Anders and Huber 2010) and followed the instructions
provided in their respective vignettes. For EdgeR, we used an exact
negative binomial testing procedure for differential expression.

Nascent RNA reads were merged and mapped to the D. mel-
anogaster Release 5/dm3 genome, by using Bowtie (allowing a
maximum of two mismatches). WIG files with a step size of 50 bp
were generated and viewed by the UCSC Genome Browser. Read
counts for each gene were calculated by overlapping the RefSeq
track of the Genome Browser on the D. melanogaster Release 5/dm3
genome, and nascent RNA gene counts included intron and exon
reads within a transcript. The transcript isoform with the highest
count was selected as representative for a gene. The C code for
counting the nascent RNA reads for each gene interval is called
ngs_genecentric.c.

To identify candidate IncRNAs from OSCs and OSS cell nascent
RNA reads, we took a hybrid approach of combining an automated
search with manual curation. Using the defined coordinates for de
novo TE insertions, we measured the strand-specific nascent RNA
counts in 5-kb windows as well as tracked the annotations of genes
orientations in these windows. We then sorted for windows where
there were at least 10 RPM of nascent reads not in the same strand as
an annotated gene. Using the TE insertion as an anchoring co-
ordinate, we then manually inspected each IncRNA candidate in the
UCSC Genome Browser on the D. melanogaster Release 5/dm3 ge-
nome, noting the following conservative criteria for unambiguous
IncRNA transcripts as defined by at least 10 RPM of nascent RNA tags,
being at least 1 kb long, and within 1 kb or overlapping a de novo TE
insertion. Updated D. melanogaster Release 6 genome coordinates for
IncRNAs were determined with webpage tools from FlyBase (http://
flybase.org/static_pages/downloads/COORD.html) and the UCSC
Genome Browser liftOver tool (http://genome-preview.ucsc.edu/
cgi-bin/hgLiftOver). This update is reflected in Supplemental Fig-
ure S8 and Supplemental Table S5.

Genomic DNA library construction, sequencing, and TE
insertion analysis

Genomic DNA extracted from 5 X 10° cells was fragmented with
a Bioruptor sonicator (Diagenode): 8 cycles (20-sec pulse and 90-
sec pause) with power set to “High.” Fragmented DNA was used for
library construction performed essentially as described (Ensminger
et al. 2012). Single-end 150-nt sequencing runs with a v3 SBS kit
were performed on a MiSeq.
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Genome analyses for de novo TE insertions were initially in-
spired by the algorithmic procedures described in Khurana et al.
(2011), Kofler et al. (2012), Linheiro and Bergman (2012), and
Sienski et al. (2012). Our own custom pipeline for TE insertions was
modified to increase sensitivity and specificity, and provide rich
functional annotations of the regions around each de novo TE in-
sertion. A custom Perl script was written to parse the genome se-
quencing reads as they were being processed via SAMtools (Li et al.
2009), Bowtie, and BLAT (Kent 2002) commands. We further pro-
cessed this file by comparing each coordinate for a TE insertion to
genome annotation files downloaded from the D. melanogaster
Release 5/dm3 genome on the UCSC Genome Browser to desig-
nate if TE insertion was in an exon, intron, UTR, or intergenic
region. Counts of TE insertion reads were then determined for
5-kb windows in the genome to smooth out inconsequential
base differences for what were essentially identical de novo TE
insertions between cell lines. Counting of TE classes, calculation
of the coverage ratios, and building of density and difference
maps were accomplished on Microsoft Excel spreadsheets and
SQL analysis with Microsoft Access. Updated D. melanogaster
Release 6 genome coordinates for TE insertions were determined
with webpage tools from FlyBase (http://tflybase.org/static_pages/
downloads/COORD.html) and the UCSC Genome Browser liftOver
tool (http://genome-preview.ucsc.edu/cgi-bin/hgLiftOver). This
update is reflected in Figure 3, Supplemental Fig. S5, and Sup-
plemental Table S4.

Data access

RNA-seq data from this study have been submitted to the NCBI Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) un-
der accession number GSE45112. DNA-seq data have been submitted
to the NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.
gov/sra) under accession number SRP039565. Computational scripts
and additional BED files for this study can be found in the Sup-
plemental Material and at http://www.bio.brandeis.edu/laulab/pubs_
protocols/Sytnikova_etal_GenomeRes2014_Additional_Items.html.
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