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Piwi-interacting RNAs (piRNAs) are 26 —30-nucleotide germ
line-specific small non-coding RNAs that have evolutionarily
conserved function in mobile genetic element (transposons)
silencing and maintenance of genome integrity. Drosophila
Hsp70/90-organizing protein homolog (Hop), a co-chaperone,
interacts with piRNA-binding protein Piwi and mediates silenc-
ing of phenotypic variations. However, it is not known whether
Hop has a direct role in piRNA biogenesis and transposon
silencing. Here, we show that knockdown of Hop in the germ
line nurse cells (GLKD) of Drosophila ovaries leads to activation
of transposons. Hop GLKD females can lay eggs at the same rate
as wild-type counterparts, but the eggs do not hatch into larvae.
Hop GLKD leads to the accumulation of y-H2Av foci in the
germ line, indicating increased DNA damage in the ovary. We
also show that Hop GLKD-induced transposon up-regulation is
due to inefficient piRNA biogenesis. Based on these results, we
conclude that Hop is a critical component of the piRNA pathway
and that it maintains genome integrity by silencing transposons.

The piRNA? pathway differentiates itself from other RNA
interference pathways through its action exclusively in the
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germ line. It works to suppress transposable elements (TE)
through sequence-specific targeting using 23-29-nucleotide
(nt) RNA molecules called piRNAs (1-5). In Drosophila, three
PIWI clade proteins, Piwi, Aubergine (Aub), and Argonaute 3
(Ago3), bind piRNAs. All three proteins have a non-redundant
function in silencing TE.

piRNAs originate from large genomic elements called piRNA
clusters and active transposons (6). In the germ line nurse cells,
piRNA biogenesis occurs in a perinuclear RNA-rich granule
called the nuage. Unlike miRNAs and siRNAs, piRNA biogen-
esis does not involve a double-stranded precursor (7-9). The
piRNA biogenesis process gives piRNA molecules their two dis-
tinct features: a first position U or a 10th position A, which
signify origins in the primary processing pathway and second-
ary pathway, respectively (10-13). The primary pathway
involves actions of Piwi and Aub, and the secondary pathway,
also known as “Ping-Pong,” involves the co-function of Aub-
antisense piRNAs and Ago3-sense piRNA complexes (6, 14,
15). In the primary pathway, the 5" end of piRNAs is defined by
Zucchini (a mitochondrion-associated endonuclease), and in
the secondary pathway, it is defined by either Aub or Ago3 (6,
14, 16, 17). Two distinct mechanisms define the 3’ end of
mature piRNAs: one dependent on Zucchini and the other de-
pendent on the exonuclease Nibbler (18 —24).

The relationship between heat shock proteins (Hsps) and the
Piwi-piRNA pathway provides an exciting new piece to the puz-
zle of how the PIWI family proteins maintain genomic integ-
rity. To deconstruct the relationship between the Piwi-piRNA
pathway and heat shock proteins, the germ line is an essential
point of concern. Heat shock, cellular stress, and aging impede
ribonucleoprotein (RNP) assembly. There is evidence that the
nuage is specifically affected and hindered during these cellular
conditions (25). Further, these conditions also hinder Yb bod-
ies, cytoplasmic RNPs found in Drosophila somatic follicle cells.
The response to these stressors has been shown to induce tran-
sient RNP granules, as well as significantly yet reversibly mod-
ifying existing complexes (26, 27). The conserved effect stres-
sors have on the germ line regulatory organelles warrants
further study into whether regulatory changes in the piRNA
pathway occur under these conditions and whether these inci-
dences have lasting hereditary effects.

Chaperone proteins function to fold and unfold proteins and
other macromolecular structures. Heat shock proteins, Hsp90
and Hsp70 in particular, are the most abundant class of chap-
erones and function under conditions of cellular stress and or
elevated temperature. Thus, they play an important role in can-
cer, neurological disorders, oxidative stress, and other forms of
non-optimal cellular conditions (28). Hsp90 is a well character-
ized chaperone protein; it is responsible for the stabilization
and activation of ~200 cellular proteins. The majority of these
proteins are involved in cellular signaling processes. Hsp90
functions along with Hsp70, through a co-chaperone and phys-

ble-strand break; Luc, luciferase; seq, sequencing; 3SpC3, 3’ spacer C3
phosphoramidite.
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Figure 1. Germ line knockdown of Hop leads to transposon up-regulation. A, domain organization of Hop. DP, dipeptide. B, quantitative PCR results
showing the extent of Hop mRNA knockdown in two different RNAi lines. Act5c (B-actin) was used as internal control, and Oregon-R was used as wild-type
control. The dotted line represents arbitrary levels of Hop mRNA in control ovaries. Error bars represent mean = S.E. C,immunoblotting analysis demonstrating
the efficiency of germ line knockdown of Hop. Molecular weight markers are shown on the left. Act5c (B-actin) was used as loading control. Two-fold serial
dilutions of ovary lysates from control and Hop GLKD ovaries were used. The dotted lines across the immunoblots show the region where nitrocellulose
membrane was cut prior to exposure to primary antibody. D, morphology of control and Hop GLKD ovaries. Ovaries containing nos.Gal4 driven Luciferase were
used as control. For comparison of ovary morphology, ovary from piwi’/piwi? flies is shown on the right. £, bar plot showing log2 value of real -fold change from
EBSeq output. False discovery rate (FDR) cutoff was 0.1. Relative expression of Hop is also shown (box). Consistent with Fig. 18, Hop mRNA levels were

significantly reduced.

ical linker, Hsp70-Hsp90-organizing protein (Hop), which
together make up the Hsp90 chaperone machine (29). Recent
work has explored epigenetic functions of Hsp90. Hsp90 acts as
an evolutionary capacitor of phenotypic variation. In Drosoph-
ila, inhibition of Hsp83, the Hsp90 ortholog, along with envi-
ronmental stress both similarly induce morphological changes.
Hsp83’s role in the maintenance of normal morphology was
first deemed a result of Hsp83'’s stabilization of early develop-
ment transcription factors and signaling clientele (30). The
evolutionary conservation of the Hsp90-Hsp70 chaperone
machinery reflects the complexity and specificity of this sys-
tem’s regulatory function. Hundreds of client proteins interact
and depend on this system, and it has emerged as an important
regulator of epigenetic processes.

Recent studies have shown that Hsp90 and its associated co-
chaperones regulate small non-coding RNA pathways. Muta-
tions of the Drosophila orthologs of Hsp90 and Hsp70 have
been shown to reduce assembly of RNA-induced silencing
complexes (RISCs) (31). Our previous work has shown that
Hsp90 and Hop interact with Piwi, mediate its phosphoryla-
tion, and silence phenotypic variations (32). Hsp90 mediates
accurate loading of piRNA precursors into piRNA-binding pro-
teins, and the absence of Hsp90 leads to inefficient piRNA bio-
genesis with a concurrent increase in TE mobility (33, 34). Fur-
ther, Shutdown (encoded by shu), a member of the FKBP family
of immunophilins and an interacting partner of Hsp90, was
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shown to be required for both primary and secondary piRNA
biogenesis (35, 36). The Shutdown ortholog in mice, FKBP6, is
required for secondary piRNA biogenesis (37).

In this study, we show that germ line knockdown (GLKD) of
Hop, a Hsp90 co-chaperone, leads to significant up-regulation
of transposons, showing that Hop is essential for silencing TE.
Like other piRNA pathway mutants (38), Hop GLKD leads to
induction of phosphorylation of histone y-H2Av, a marker for
double-strand DNA breaks. Further, Hop GLKD leads to a ster-
ile phenotype where females can lay eggs, but none of the eggs
hatch into larvae. We also show that Hop is dispensable for
either the stability or the cellular localization of key piRNA
pathway proteins, Piwi, Aubergine, Ago3, and Vasa, indicating
that Hop functions downstream of these proteins. We finally
show that Hop is essential for efficient piRNA biogenesis. Based
on these results, we conclude that Hop is critical for the main-
tenance of genome integrity and that it does so by silencing
transposons and regulating piRNA biogenesis.

Results and discussion

Hop (STIP1 in humans) is the co-chaperone responsible for
the transfer of client proteins between Hsp70 and Hsp90. Hop
is evolutionarily conserved in eukaryotes, and it localizes to
both the nucleus and the cytoplasm (39). Hop is a monomeric
protein that consists of three tetratricopeptide repeat domain
regions (TPR1, TPR2A, and TPR2B) and one aspartic acid-pro-
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line repeat dipeptide domain (Fig. 14). The TPR domains inter-
act with the C termini of Hsp90 and Hsp70, with TPR1 and
TPR2B binding to Hsp70 and TPR2A binding preferentially to
Hsp90. The intermediate structures of heat shock machinery
are difficult to characterize completely because of the transient
and fast-paced nature of chaperone function (40). The physical
transfer process and the conformations involved in Hop’s func-
tion have yet to be solved.

Previous work had demonstrated that co-chaperone Hop
interacts with Piwi and functions in preventing phenotypic
variations (32). Further, several heat shock proteins and
FKBP6 were shown to interact with mammalian PIWT protein
orthologs Miwi and Mili. These results gave us a clue that Hop
could potentially play a role in the piRNA pathway. Hence, we
decided to characterize the potential role of Hop in the piRNA
pathway. To this end, we used RNA interference to knock down
Hop specifically in the germ line cells of Drosophila ovary using
nos.Gal4 (germ line knockdown or GLKD). We tested two dif-
ferent Hop RNAI lines, Hop™°77® and Hop"*'$%°°%°, that
were generated by the Transgenic RNAi Project (TRiP, Harvard
Medical School) (41, 42). Both RNA!I lines target Hop mRNA
using 21-nt shRNA. Analysis using the Updated Targets of
RNAi Reagents (UP-TORR) Fly tool (43) showed that both
shRNAs have zero off-target effects. Knockdown using
Hop"™5%077% and Hop""599%%% produced 91 and 25% reduction
in Hop mRNA, respectively, when compared with Hop mRNA
levels in Oregon-R (wild type) (Fig. 1B). Because Hop'"*'5%°77®
was highly efficient in eliminating Hop mRNA, we used this line
to characterize the role of Hop in the piRNA pathway. From
here on, Hop GLKD refers to Hop™5%°77%,

Hop GLKD greatly reduced the levels of Hop protein in the
germ line (Fig. 1C, compare lanes 1-3 with lanes 4 —6). We next
tested whether Hop GLKD impacted ovary development. Hop
GLKD ovaries looked like wild-type counterparts, suggesting
that germ line Hop is dispensable for general ovary develop-
ment (Fig. 1D). However, mothers with Hop GLKD could lay
eggs at the same rate as the control, but none of the eggs
hatched into larvae (data not shown). Such a phenotype is rem-
iniscent of piRNA pathway mutants where transposon up-reg-
ulation leads to severe DNA damage and activation of Chk2
DNA damage checkpoint (38, 44). So we tested whether Hop
GLKD leads to activation of transposons. To this end, we per-
formed mRNA-seq with RNA from control and Hop GLKD
ovaries. Reads mapping to mRNAs from transposons and genes
were quantified using RSEM (45). Differential expression of
transposons was analyzed using EBSeq (46). Differentially
expressed transposons and genes with false discovery rate < 0.1
were deemed statistically significant. Hop GLKD resulted in
statistically significant differential expression of 35 trans-
posons. Of these, 34 were up-regulated and 1 (Tabor) was
down-regulated (Fig. 1E). This result shows that Hop is essen-
tial for transposon silencing. Of the 35 differentially expressed
transposons, 24 (~70%) were Group 1 transposons that require
Ago3 for silencing (15). These results are not surprising consid-
ering that Hop mRNA was knocked down specifically in the
germ line but not in the soma. Consistent with this, soma dom-
inant transposons such as ZAM and Idefix did not make the list
of differentially expressed transposons.
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Figure 2. Effect of Hop GLKD on y-H2Av accumulation and localization of
piRNA pathway proteins. A, confocal images of two independent ovarioles
from control and Hop GLKD flies stained for y-H2Av. Scale bars are 10 um. G,
germarium; st, stage. White arrows point at stage two egg chambers. B, con-
focal images of stage two egg chambers from control and Hop GLKD ovaries
staining for Piwi, Aub, Ago3, and Vasa. Scale bars are 10 um.

Transposon up-regulation in piRNA pathway mutants
results in DNA double-strand breaks (DSBs), leading to induc-
tion of y-H2Av (phosphorylated form of histone H2Av) foci
(38, 44). DSBs induce phosphorylation of a conserved SQ motif
in the C-terminal tail of H2Av (47, 48), and y-H2Av accumu-
lates near DSBs (49, 50). Because Hop GLKD leads to trans-
poson up-regulation, we tested whether it also leads to induc-
tion and accumulation of y-H2Av foci in the nuclei.
Immunofluorescence microscopy showed that, upon Hop
GLKD, y-H2Av foci significantly accumulate in region 3/stage
1 of germarium, and these persist into stage 2 egg chambers and
beyond (Fig. 24, compare white arrows in Control and Hop
GLKD panels). These results show that Hop is critical for main-
tenance of genome integrity and that its absence leads to acti-
vation of DNA damage response, presumably due to trans-
poson activation.

We next tested whether Hop GLKD derails transposon
silencing by affecting proper cellular localization of key piRNA
pathway components, Piwi, Aub, Ago3, and Vasa. In control
ovaries, Piwi localized to the nucleus; Aub, Ago3, and Vasa were
cytoplasmic and localized to the perinuclear region called the
nuage (Fig. 2B, upper panel). This is consistent with earlier find-
ings (6, 15, 51-53). Proper localization of these proteins to their
designated cellular spots is critical for both piRNA biogenesis
and transposon silencing (11). However, localization of Piwi,
Aub, Ago3, and Vasa did not change upon Hop GLKD (Fig. 2B,
compare lower panel with upper panel). These results show that
Hop is dispensable for proper cellular localization of key piRNA
pathway components. Presumably, Hop functions downstream
of Piwi, Aub, Ago3, and Vasa. These results are in contrast to
the findings in earlier studies where either germ line clones of
shu or knockdown of shu led to significant decrease in the levels
and localization of Piwi, Aub, and Ago3 (35, 36). However, this
is consistent with gin mutants where transposon silencing was
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Figure 3. Hop is required for efficient piRNA biogenesis. A, quantitation of small RNA reads mapping to coding and non-coding portion of the genome in
control and Hop GLKD ovaries. B, normalized numbers of reads uniquely mapping to transposons are plotted. Reads were normalized to the number of reads
mapping to the coding portion of the genome. C, length and strand orientation analysis of normalized reads mapping to transposons. Reads were normalized
to the number of reads mapping to the coding portion of the genome. Positive and negative numbers indicate sense and antisense strands, respectively. D,
nucleotide composition of first 20 nt of antisense small RNAs mapping to transposons in control and Hop GLKD ovaries. E, Ping-Pong analysis for small RNA
reads mapping to transposons. Z-score is shown in parentheses. Notice the preference for 10-nt overlap between sense and antisense reads. Shown on the y axis
is the number of read pairs that can be formed between sense and antisense reads mapping to transposons.

derailed without affecting the levels and cellular localization of
Piwi, Aub, Ago3, and Vasa proteins (44). Please note that Shut-
down (encoded by shu) is an Hsp90 co-chaperone like Hop. Qin
(encoded by gin) is a Tudor domain- and E3 ligase domain-
containing protein.

We next tested whether transposon up-regulation in Hop
GLKD is due to defective piRNA biogenesis. We deep-se-
quenced and analyzed small RNAs from Hop GLKD and con-
trol ovaries. We first analyzed the composition of genome map-
ping reads (Fig. 3A). Specifically, we quantified reads that
mapped to coding and non-coding regions of the genome. In
control flies, 14 and 86% of the reads mapped to coding and
non-coding regions of the genome, respectively. In contrast, in
Hop GLKD ovaries, 41 and 59% of the reads mapped to the
coding and non-coding regions, respectively. Thus, there is an
~3-fold increase in the number of small RNAs that map to the
coding region of the genome in Hop GLKD when compared
with the control. These results show that small RNA biogenesis
from the non-coding portion of the genome decreases drasti-
cally in Hop GLKD.

Next, we tested whether Hop GLKD affects biogenesis of
transposon-mapping small RNAs. We normalized the small
RNA libraries in two ways: (a) based on the number of reads
that uniquely map to the genome and (b) based on the number
of reads that map to coding regions (supplemental Fig. S1).
Both normalization methods showed that Hop GLKD drasti-
cally reduced the number of transposon-mapping small RNAs.
Specifically, when we normalized based on uniquely mapping
genomic reads, we noticed a 50% drop in the number of trans-
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poson-mapping small RNAs, and a 72% drop when we normal-
ized based on reads mapping to the coding portion of the
genome (Fig. 3B). Both sense and antisense transposon-map-
ping reads showed drastic reduction when compared with the
control (Fig. 3C). Based on these results, we conclude that Hop
is critical for biogenesis of transposon-mapping small RNAs.
Because the majority of transposon-mapping small RNAs are
23-29-nt piRNAs, we conclude that Hop is essential for piRNA
biogenesis.

To get clues into how Hop regulates piRNA biogenesis, we
analyzed the signature of residual piRNAs in Hop GLKD ova-
ries. We noticed that preference for U as the first nucleotide at
the 5" end does not change, showing that 5" end processing of
piRNAs remains active in Hop GLKD (Fig. 3D, compare green
bars in left and right panels). Further, Ping-Pong cycle mediated
by Aub and Ago3 remains active in Hop GLKD as evidenced by
the preference for 10-nt overlap in sense and antisense piRNAs
(Fig. 3E). However, Z-score, which is a relative measure of the
preference for 10-nt overlap over other length overlaps, signif-
icantly decreases from 59.34 in control to 13.50 in Hop GLKD
(Fig. 3E). The decrease in Z-score suggests that Hop GLKD
affects the efficiency of Ping-Pong, which can, in turn, affect the
accumulation of piRNAs. Inefficient piRNA accumulation, in
turn, affects the piRNA pathway’s ability to target and destroy
transposons.

In summary, we have shown that Hop is essential for trans-
poson silencing and efficient piRNA biogenesis. Hop GLKD
leads to transposon activation and induction of DNA damage
signaling due to the significant reduction in piRNA levels.
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Reduction in the number of piRNAs is due neither to the loss of
Piwi, Aub, Ago3, and Vasa nor to the loss of Ping-Pong cycle. It
is intriguing to note that Shutdown and Hop, both being TPR
domain-containing Hsp90 co-chaperones, exhibit distinct
effects upon GLKD. Shutdown GLKD not only affected Piwi
proteins’ levels and cellular localization, but it also affected
fecundity (35, 36). Shutdown GLKD females lay far fewer eggs
than control, showing that Shutdown is essential for general
ovary development and that piRNA biogenesis is perhaps one
of the many functions it performs during ovary development.
On the other hand, upon Hop GLKD, ovary development is
normal, females lay eggs at the same rate as control, and Piwi
proteins’ localization is not affected. However, transposon
silencing and piRNA biogenesis are affected. In other words,
Hop is dispensable for ovary development but is indispensable
for transposon silencing and piRNA biogenesis. Perhaps Shut-
down and Hop function at distinct stages of the piRNA path-
way. We propose that Hop regulates the efficient accumulation
of piRNAs. It can function at two distinct stages: (a) it could
mediate efficient exchange of sense and antisense precursors
between Aub and Ago3, which in turn increases the rate of
Ping-Pong cycle, and/or (b) it could function in coordinating
post-piRNA biogenesis targeting of transposon mRNAs.
Derailment of either of these steps leads to defects in piRNA
biogenesis and transposon silencing. Further biochemical and
genetic dissection will precisely define the function of Hop in
transposon silencing, efficient piRNA biogenesis, and mainte-
nance of genome integrity.

Experimental procedures
Fly stocks and handling

All Drosophila strains were maintained at 25 °C. The nos-
Gal4 driver fly strain (stock number 32563; y* w’; P{GAL4-
n0s.NGT}A), Hop shRNA lines Hop"**$%°77® (stock number
32979) and Hop™*59%* (stock number 34002), and control
line (stock number 35788, P{UAS-LUC.VALIUMI10}attP2)
came from the Bloomington Drosophila Stock Center, Bloom-
ington, IN. We refer to the control line as UAS-Luc. The con-
trol line had firefly luciferase (Luc) coding sequence inserted at
the attP2 site, the same site of insertion as in Hop shRNAs.
Both Hop RNAi lines used in Fig. 1B are short hairpin RNAs
and are not expected to have any off-target effects. To make
sure that both shRNA lines do not have any off-target effects,
we used the UP-TORR Fly tool (43). UP-TORR showed that
both RNAi lines HMS00779 and HMS00965 do not have any
off-target effects. Knockdowns were achieved by crossing
2-5 virgin females from the RNAi lines for Hop with 1-2
males from nos.Gal4. Control cross was set up with 1-2
males from nos.Gal4 and 2-5 virgin females of UAS-Luc. The
progeny from the control cross are referred to as nos.Luc. The
parental generation was then transferred to new fly food
every 4 days. As the F1 generation was born, they were col-
lected, and then put on yeast for 1-2 days for preparation for
ovary dissection. Egg hatch rate calculation was performed
as described earlier (36) except that apple juice-agar plates
were used.
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Ovary lysate preparation and Western blotting analysis

Ten pairs of ovaries from 2—3-day-old yeast-fed females were
dissected and homogenized in an Eppendorf tube in 50 ul of
lysis buffer (20 mm HEPES, pH 7.5, 100 mm KCl, 5 mm MgCl,,
0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, 1 mm
DTT, and 5% glycerol). The homogenate was then mixed with
50 wl of 2X Laemmli Sample Buffer (Bio-Rad product number
1610737), boiled at 95 °C for 3 min, and then processed for
Western blotting analysis using standard molecular biology
techniques.

Immunostaining and microscopy

Drosophila ovaries were manually dissected in ice-cold PBS
and fixed with 4% formaldehyde (Electron Microscopy Sci-
ences, Hatfield, PA) as described before (54). Fixed ovary tissues
were incubated at 4 °C overnight with primary antibodies at the
following concentrations: anti-Piwi (1:500), anti-Ago3 (1:250),
anti-Aub (1:1000), anti-Vasa (1:50), and anti-y-H2Av (1:500).
Piwi, Aub, and Ago3 antibodies were kind gifts from Dr. Mikiko
Siomi (Keio University, Minato, Tokyo, Japan) and Haifan Lin
(Yale University). Anti-vasa antibody was deposited to the
Developmental Studies Hybridoma Bank (DSHB) by Spradling,
A.C./Williams, D, (DSHB Hybridoma Product anti-vasa).
Anti-y-H2Av (UNC93-5.2.1) was deposited to the DSHB by
Hawley, R. S. (DSHB Hybridoma Product UNC93-5.2.1). Alexa
Fluor-conjugated secondary antibodies from Thermo Fisher
Scientific were used at 1:500. Confocal images were captured
using a Zeiss LSM 880 NLO microscope and Plan-Apochromat
63X/1.40 Oil differential interference contrast objective with
identical settings for GLKD and control fly lines. Images were
analyzed using Fiji (Image]) (55). Ovary morphology images
shown in Fig. 1D were captured using a Moticam 10 camera
mounted on a Zeiss Stemi 2000-C stereo microscope.

mRNA-seq

Total RNA was isolated using TRIzol Reagent (Ambion)
from 10-15 pairs of manually dissected ovaries and stored at
—80 °C until use. Two biological repeats of nos.Luc (control)
and Hop GLKD were used. RNA integrity was verified on an
Agilent 2200 TapeStation (Agilent Technologies, Palo Alto,
CA). 100-200 ng of total RNA was used to prepare RNA-Seq
libraries using the TruSeq RNA Sample Prep Kit following
the protocol described by the manufacturer (Illumina, San
Diego, CA). Please note that poly(A)-containing RNA was
first purified prior to the library preparation step. Single end
50-bp sequencing was performed on an Illumina HiSeq2500.
Sequencing was performed at the Hollings Cancer Center
Genomics Core Lab at Medical University of South Carolina
(MUSC).

Small RNA-seq

Thirty ug of total RNA from nos.Luc (control) and Hop
GLKD ovaries was resolved on a 15% denaturing polyacryl-
amide gel containing 7 M urea. Small RNAs ranging from 20 to
40 nt were purified without oxidation step as described else-
where (15). Small RNA sequencing libraries were prepared
using the TruSeq Small RNA Library Preparation Kit (Illumina)
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with one minor modification. A terminator block oligonucleo-
tide (5'-TAC AAC CCT CAA CCA TAT GTA GTC CAA
GCA/3SpC3/-3") was added prior to 5' adapter ligation as
described elsewhere (56). This step specifically blocked reverse
transcription of 30-nt-long 2S rRNA and hence substantially
reduced rRNA contamination in the final sequenced reads.
Sequencing libraries were size-selected with a Pippin Prep
(Sage Science, Beverly, MA). Single end 36- or 50-bp sequenc-
ing was performed on a HiSeq2500 (Illumina). Sequencing was
performed at the Hollings Cancer Center Genomics Core Lab
at MUSC.

Quantitative PCR

cDNA preparation was performed using the High-Capacity
c¢DNA Reverse Transcription Kit (Thermo Fisher Scientific)
using the manufacturer’s protocol. Quantitative PCR was per-
formed using iQ SYBR Green Supermix (Bio-Rad) and a
CFX384 Touch Real-Time PCR Detection System (Bio-Rad).
Data analysis was performed using Apple Numbers. The fol-
lowing primers were used: (a) 5'-AAGTTGCTGCTCTGGTT-
GTCG-3' and 5'-GCCACACGCAGCTCATTGTAG-3" for
Act5c and (b) 5'-CATTCGCCAAGGCTGGAAAG-3" and
5'-GGGATCGTACTTGAGACCCTC-3' for Hop.

Bioinformatics

mRNA-seq analysis—Our mRNA-seq analysis was inspired
by the piPipes workflow (57). Raw mRNA-seq reads from Illu-
mina HiSeq 2500 were aligned to Drosophila (version 5, dm3)
transcriptome and reference transposon sequences using
Bowtie 2 (58, 59) and then quantified by RSEM (45). dm3
transcriptome (mRNA sequences) was obtained from the
UCSC table browser (60), and reference transposon sequences
were obtained from FlyBase. Differential expression analysis of
transcripts was then performed using EBSeq (46). Differentially
expressed transcripts with a false discovery rate < 0.1 were
deemed significant.

Small RNA-seq analysis—Raw small RNA sequencing reads
were processed by cutadapt to remove the 3’-sequencing
adapter (TGGAATTCTCGGGTGCCAAGQG). Trimmed reads
smaller than 18 nt and also the reads without sequencing
adapter were discarded. Reads were then depleted of rRNA
reads and then aligned to dm3 genome using Bowtie (59). rRNA
mapping allowed two mismatches, and genomic alignment
allowed no mismatches. Only reads that perfectly matched the
genome were collected and further analyzed. Reads were then
collapsed using Perl script TBr2_collapse.pl available as a part
of NGS Toolbox (61). Reads were then mapped to mRNA
sequences of RefSeq genes without any mismatches using Bow-
tie and then plotted as fraction of genome mapping reads in Fig.
3A. To compare reads between different samples, the normal-
ization factor was calculated in two ways: (a) based on the num-
ber of uniquely mapping genomic reads and (b) based on the
number of reads mapping to mRNA sequences of RefSeq genes
(protein-coding portion of the genome). Reads were then
mapped to transposon consensus sequences using Bowtie 2,
and the numbers of reads that align uniquely were noted. The
numbers of transposon-mapping reads in Hop GLKD were
then multiplied by normalization factor and plotted as shown in
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Fig. 3B. To analyze size distribution and nucleotide composi-
tion of reads, we mapped reads to transposon consensus
sequences using sSRNAmapper (62) with default parameters.
Under default parameters, sSRNAmapper does not allow any
mismatch in the first 18 nt from the 5" end of piRNAs and at
most allows one mismatch in the rest of the sequence. Size
distribution, orientation, and nucleotide composition of such
aligned reads were analyzed using Perl script checkmap.pl. Out-
put was then exported to Apple Numbers and plotted as shown
in Fig. 3, C and D. Ping-Pong signature was analyzed using Perl
script TBr2_pingpong.pl. TBr2_pingpongpl performs Ping-Pong
signature analysis and Z-score calculation in the same way as
described elsewhere (44). The output of TBr2_pingpong.pl was
exported to Apple Numbers and plotted as shown in Fig. 3E. All
Perl scripts are available upon request.
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