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Piwi proteins, a subclass of Argonaute-family proteins, carry ;24–30-nt Piwi-interacting RNAs (piRNAs) that mediate
gonadal defense against transposable elements (TEs). We analyzed the Drosophila ovary somatic sheet (OSS) cell line and
found that it expresses miRNAs, endogenous small interfering RNAs (endo-siRNAs), and piRNAs in abundance. In
contrast to intact gonads, which contain mixtures of germline and somatic cell types that express different Piwi-class
proteins, OSS cells are a homogenous somatic cell population that expresses only PIWI and primary piRNAs. Detailed
examination of its TE-derived piRNAs and endo-siRNAs revealed aspects of TE defense that do not rely upon ping-pong
amplification. In particular, we provide evidence that a subset of piRNA master clusters, including flamenco, are specifically
expressed in OSS and ovarian follicle cells. These data indicate that the restriction of certain TEs in somatic gonadal cells is
largely mediated by a primary piRNA pathway.

[Supplemental material is available online at http://www.genome.org. The small RNA data from this study have been
submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE15378.]

While the diversity of recognized small RNAs continues to grow,

the majority of regulatory processes involving <30-nucleotide

(nt) RNAs is governed by three fundamental classes: ;21–24-nt

microRNAs (miRNAs), 21-nt small interfering RNAs (siRNAs), and

;24–30-nt Piwi-interacting RNAs (piRNAs). The function of these

RNA families is mediated via Argonaute (Ago) effector proteins,

with miRNAs and siRNAs housed in Ago-subclass effectors, and

piRNAs resident in Piwi-subclass effectors (Kim et al. 2009). Broadly

speaking, miRNAs repress host gene expression, siRNAs repress

host genes, transposable elements (TEs), and viruses, and piRNAs

repress TEs.

A long history of genetic analyses of D. melanogaster oogenesis

(Gillespie and Berg 1995; Cox et al. 1998; Harris and Macdonald

2001; Cook et al. 2004; Pane et al. 2007) and TE control (Rubin

et al. 1982; Bucheton et al. 1984; Pelisson et al. 1994; Prud’homme

et al. 1995) proved to uncover many of the key features and factors

involved in the piRNA pathway. Recent cloning of small RNAs

associated with Piwi-subclass proteins provided mechanistic in-

sight into piRNA biogenesis in Drosophila (Saito et al. 2006; Vagin

et al. 2006; Brennecke et al. 2007; Gunawardane et al. 2007;

Nishida et al. 2007) and vertebrates (Aravin et al. 2006, 2007;

Girard et al. 2006; Grivna et al. 2006; Lau et al. 2006). In addition,

Piwi complexes could cleave complementary targets (Lau et al.

2006; Saito et al. 2006; Gunawardane et al. 2007), establishing

their biochemical activity similar to certain Ago proteins (Kim

et al. 2009).

In Drosophila ovaries, PIWI and Aubergine (AUB) predom-

inantly carry antisense TE-piRNAs that exhibit strong 59 uridine

(59 U) bias, while Argonaute 3 (AGO3) is the predominant carrier

of sense TE-piRNAs with bias for adenine at the tenth position

(A10) (Brennecke et al. 2007; Gunawardane et al. 2007). These

properties of sense and antisense piRNAs reflect an amplification

cycle known as ‘‘piRNA ping-pong.’’ In brief, antisense TEs em-

bedded in noncoding ‘‘master piRNA transcripts’’ generate anti-

sense piRNAs that load AUB (or PIWI). These piRNA complexes

not only cleave active TE transcripts, but in so doing can generate

sense piRNAs that load AGO3. Since target cleavage occurs oppo-

site nucleotides 10 and 11 of the guide RNA 59 end, this defines

a piRNA pair that overlaps by 10 nt, for which the guide strand

begins with U and its target strand bears A10. Conversely, AGO3-

mediated cleavage of master piRNA transcripts can regenerate an-

tisense piRNAs (Brennecke et al. 2007; Gunawardane et al. 2007).

Altogether, this cycle constitutes an adaptive immune response

that senses active TE transcripts and selectively amplifies piRNAs

capable of directing their destruction, not only in Drosophila, but

also in diverse metazoans (Aravin et al. 2007; Houwing et al. 2007;

Grimson et al. 2008).

Despite recent progress, studies of the piRNA pathway in

Drosophila are challenged by the tedious nature of gonad dissec-

tion. Larger masses of mammalian gonads are easily obtained, but

there are fewer mutants available and only limited strategies to

manipulate them genetically. A limitation of both systems is that

gonads are composed of multiple cell types that express different

complements of Piwi proteins, thus obscuring the cells-of-origin of

piRNAs cloned from whole-gonad homogenates. For these reasons,

identification of homogenous cell lines that express piRNAs would

be desirable.

Niki et al. (2006) described D. melanogaster ovarian cell cul-

tures, including a mixed female germline stem cell/ovarian somatic

sheet line (fGS/OSS) and an apparently homogenous derivative
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culture lacking the germline stem cells termed OSS. We analyzed

the OSS line in detail and found that in addition to miRNAs, it

expresses high levels of endo-siRNAs and primary piRNAs. Detailed

analysis of short RNAs mapping to TE sequences provided unique

insight into the provenance and function of TE-siRNAs and TE-

piRNAs, including the existence of an efficient PIWI-associated

primary piRNA pathway in somatic ovarian cells.

Results

A simple strategy to deplete uncomplexed RNAs
from total RNA

We recently used cation-exchange chromatography to enrich for

piRNA complexes (Lau et al. 2006; Lau 2008). Naked nucleic acids

are retained on the ionic matrix, while active regulatory RNAs

contained in protein complexes are eluted with mild salt. This

procedure is useful since 59-phosphate-dependent cloning strate-

gies do not exclude degradation fragments, due to the activity of

RNA kinases such as CLP1 (Weitzer and Martinez 2007). In addi-

tion, this one-step procedure simultaneously enriches for RNAs in

diverse complexes without the need for specific immunoprecipi-

tations.

We fractionated extracts of OSS cells (Fig. 1A) on a HiTrap

Q column, then radioactively labeled and analyzed the purified

RNAs. Following this procedure, only ;20–28-nt RNAs were pres-

ent in the flowthrough and 300 mM salt eluate (Fig. 1B), with a

slightly larger population of RNAs present in the latter fraction; 2S

rRNA was effectively depleted. A ladder of RNAs with single-

nucleotide resolution eluted with 1 M salt, which we inferred to

comprise heterogeneously sized degradation fragments.

In addition to separating noncomplexed RNAs, these frac-

tionations provided the first indication that OSS cells express

piRNAs. We then cloned the ;18–34-nt RNA fraction from the

flowthrough and low-salt eluate, and generated four lanes of se-

quence on two Illumina GA-II flow cells. In total, we mapped ;14

million reads to the genome, and the data from the four se-

quencing reactions were indeed highly concordant (Supplemental

Fig. S1).

The efficacy of cation-exchange chromatography was evident

in the depletion of 2S rRNA. For comparison, Seitz et al. (2008)

showed that immobilized oligonucleotide hybridization followed

by beta-elimination of 18–30-nt total RNA could quite effectively

deplete 2S rRNA six- to 22-fold (Table 1), resulting in 2% and 0.8%

2S rRNA reads in S2 cell and head libraries, respectively. Although

we cloned a wider size range encompassing most of the 2S rRNA

population (which runs slightly larger than expected from its 30-nt

sequence) (Fig. 1B), our Q-column-fractionated libraries yielded

only 0.13% 2S rRNA reads. We inferred that these libraries should

reciprocally be enriched in bona fide regulatory RNAs bound in

protein complexes, including miRNAs, siRNAs, and piRNAs.

miRNA expression in OSS cells

We first identified ;3.5 million reads that matched the currently

annotated set of D. melanogaster miRNAs, encompassing 121 of

140 distinct mature miRNAs (i.e., not including precisely identical

paralogs) previously identified by deep sequencing (Ruby et al.

2007b; Sandmann and Cohen 2007; Stark et al. 2007). While their

read numbers were spread over five orders of magnitude, the rel-

ative abundance of miRNAs in the different sequencing reactions

was nearly identical (Supplemental Table S1). The top 25 most

abundant miRNAs, each contributing >1% of the total reads,

accounted for 97.94% of miRNA reads and defined a core OSS

profile. On the other hand, 106 distinct miRBase loci were cloned

four or more times and were confidently annotated from our data

without prior knowledge. Another 15 loci were sequenced one to

three times, and presumably could have been confidently anno-

tated with slightly deeper datasets (Fig. 2A; Supplemental Table S1).

It was therefore possible to identify >75%–85% of Drosophila

miRNAs found by deep sequencing of heterogeneous and diverse

tissues—including embryos and larvae of various stages, purified

imaginal discs, adult heads, female and male bodies, dissected

ovaries and testes, and S2 cells (Ruby et al. 2007b; Sandmann and

Cohen 2007; Stark et al. 2007)—simply by massively sequencing

this single cell type. We also identified some novel miRNAs, but

Figure 1. Cation-exchange chromatography enriches for Argonaute-
and Piwi-enclosed RNAs. (A) Phase contrast image of OSS cells illustrating
their sheet-like morphology; under high density they also tend to form
clumps. (B) pCp labeling of RNAs from total OSS RNA and various elutions
from a HiTrap Q column. The mobility of the RNAs in the extract and
elutions is slightly different from that of the synthetic markers owing to
different salt concentrations of the loaded samples. Highly abundant 2S
rRNA is visible in the input and ran slightly larger than its 30-nt sequence.
In the flowthrough, ;21–24-nt RNAs are visible, inferred to include
miRNAs and siRNAs. In the 0.3 M salt elution, ;24–28-nt RNAs are visible,
inferred to represent the piRNA fraction. A heterogenous ladder of RNA
fragments elutes with 1.0 M salt. Libraries were constructed from the
flowthrough and 0.3 M salt elution.

Table 1. Comparison of 2S rRNA depletion by immobilized
oligonucleotide hybridization/beta-elimination and cation-
exchange chromatography

Library
Mapped

reads
2S rRNA

reads
Percent of

2S/mapped reads

Head NB (perfect match) 105,976 18,955 17.8861
Head B (perfect match) 42,354 344 0.8122
S2 NB (perfect match) 99,003 13,279 13.4127
S2 B (perfect match) 113,709 2375 2.0887
OSS #2 3,763,139 5193 0.1380
OSS #6 3,966,389 5339 0.1346
OSS #7 3,014,540 4223 0.1401
OSS #8 3,101,816 3987 0.1285

Seitz et al. (2008) cloned 18–30-nt RNA libraries from S2 cells and heads
RNA depleted of 2S rRNA with an immobilized oligonucleotide, either
before (non-beta [NB]) or after (B) beta-elimination. Cloning of 18–34-nt
RNA libraries by the Q-column strategy also yielded effective depletion of
2S rRNA reads.
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these were surprisingly few, thus failing to fulfill the plausible ex-

pectation that many cell-type-specific miRNAs might be revealed

by such deep sequencing. Only five new miRNAs (miR-2279, miR-

2280, miR-2281, miR-2282, and miR-2283) were confidently

annotated on the basis of more than

four reads (i.e., expressed at >0.3 reads/

million); three of these had star strand

reads (Fig. 2B; Supplemental Table S1). All

five miRNAs were poorly conserved and

present only within the closest relatives

of D. melanogaster (data not shown). Al-

together, these data suggest that despite

tens of thousands of genomic hairpins

with qualities similar to miRNA pre-

cursors, a relatively limited set of bona

fide miRNA genes exists in Drosophila.

TE-siRNA expression in OSS cells

TEs were recently recognized as major

sources of endo-siRNAs in Drosophila

germline and somatic cells (Chung et al.

2008; Czech et al. 2008; Ghildiyal et al.

2008; Kawamura et al. 2008). After sub-

tracting the miRNA content of OSS li-

braries, a prominent class of precisely 21-

nt reads derived from TEs was apparent,

indicating that OSS cells have a robust

endo-siRNA pathway (Fig. 3B). As is the

case in Drosophila tissues and cells, TE-

siRNAs were fairly equivalent between

sense and antisense orientations, but

exhibited a mild antisense bias (Fig. 4A,B).

We systematically analyzed RNAs derived

from 139 classes of TEs (RepeatMasker,

UCSC Genome Browser), and observed

that different TEs generated different

levels of siRNAs relative to production of

piRNAs. For example, mdg1 and idefix

produced almost no siRNAs, and roo

generated only a minor fraction of siRNAs

(Fig. 3C–E). On the other hand, some TEs

preferentially generated siRNAs relative

to other size classes, with gypsy, gypsy6,

FW, Doc, and Rover each generating

>50,000 siRNA reads (Fig. 3F,G; Supple-

mental Fig. S2).

TEs could also be classified on the

basis of whether they preferentially gen-

erated uniquely mapping reads, multiply

mapping reads, or both (e.g., Fig. 3C–G).

Bulk siRNAs mapped to many (>10) lo-

cations, consistent with their putative

biogenesis from dispersed copies of

actively transcribed TEs. However, spe-

cific TE classes such as gypsy and gypsy6

generated a high proportion of uniquely

mapped siRNAs (Fig. 3F). The complete

analysis of read lengths associated with

all 139 TE families is provided in Supple-

mental Figure S2. Collectively, these ob-

servations indicated the distinct entry of

different TEs into the piRNA and endo-siRNA pathways.

We observed a mild 59 U bias in the ;280,000 antisense reads

(;40%) but no 59 U bias for the ;240,000 sense siRNA reads (Fig.

4A,B; Supplemental Fig. S3). This was not an artifact of other TE

Figure 2. miRNA expression in OSS cells. (A) OSS cells predominantly express a characteristic pop-
ulation of miRNAs (left) that overlaps only partially with the most abundant miRNAs annotated from
across Drosophila development using 454 Life Sciences (Roche) sequencing (Ruby et al. 2007a). However,
analysis of all reads indicates that the 454-annotated miRNAs and OSS miRNAs are very highly over-
lapping (right). Therefore, numerous ostensibly tissue-specific Drosophila miRNAs were captured at low
levels in OSS cells by deep sequencing. (B) Five novel miRNA loci, expressed at a level of more than five
reads/14 million library reads, were identified in OSS cells. Mature products were highlighted in green,
and star strands in red; for some hairpins, the two small RNA products were cloned nearly equivalently.
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reads that contaminated the siRNA fraction (e.g., incidental 21-nt

degradation fragments of TE-piRNAs), as longer TE reads of both

polarities exhibited 59 U bias (Fig. 4C,D). Analyses of nucleotide

composition across individual TE families showed that most

exhibited 59 U bias in antisense 21-nt reads, but that almost none

were biased in their sense 21-nt reads (Fig. 4E–H; Supplemental

Fig. S4). These data indicate that 59 U bias represents a genuine,

although otherwise subtle, characteristic of antisense TE-siRNAs.

Figure 3. TE-piRNAs and TE-siRNAs in OSS cells. (A) Reproducibility of overall read distribution in the four OSS sequencing reactions. Analysis of raw reads is
shown; the normalized data are completely overlapping (Supplemental Fig. S1). (B ) Combined OSS library data. Blue depicts the size distribution across all
reads, orange depicts miRNA reads, and red depicts reads that mapped to transposons; the latter clearly segment into a siRNA population (peaking at 21 nt)
and a piRNA population (;24–30 nt). (C–G) Combined OSS read distribution mapped to various families of TEs (as annotated by RepeatMasker). (Red)
Antisense reads; (blue) sense reads. Two graphs are shown for each TE family, depicting the size distribution of reads that map uniquely to the genome and the
distribution of reads that map to the genome 10 or more times. Various patterns are observed across the TEs with respect to piRNAs vs. siRNAs, or the fraction of
unique vs. multiply-matching reads. The complete analysis of all read bins across all TE families is available in Supplemental Figure S2.
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TE-piRNA expression in OSS cells

TEs are also the major source of piRNAs in the Drosophila germline

(Aravin et al. 2003; Vagin et al. 2006; Brennecke et al. 2007). The

size distribution of reads mapped to TEs provided clear evidence for

abundant 24–30-nt TE-piRNAs in OSS cells; indeed, we cloned

about twice as many TE-piRNAs as miRNAs (Fig. 3B). Consistent

with observations from ovaries, the TE-piRNA content was highly

biased for antisense reads and for 59U (Fig. 4D). TEs with excep-

tionally high antisense piRNA production (>500,000 reads) in-

cluded 412, mdg1, GTWIN, and idefix (Fig. 3C,D; Supplemental Fig.

S2). A small number of TEs generated dominantly sense piRNAs,

including copia, DM-CR1A, and DNAREP1 (also known as DINE-1)

(Supplemental Fig. S2). DM-CR1A was notable in that it also ex-

hibited 59 U bias in sense but not antisense siRNA reads, suggesting

a polarity switch for both classes of small RNAs emanating from

this TE class.

Even when cloning from PIWI/AGO3/AUB immunoprecipi-

tates, the prepared RNAs must still avoid the 29–30-nt fraction due

to the persistence of contaminating 2S rRNA (Brennecke et al.

2007). The efficient depletion of 2S rRNA reads from our 18–34-nt

libraries (Fig. 1) allowed us to resolve a sizable population of 29–

30-nt piRNAs; thus, the distribution of piRNAs is slightly larger

than previously recognized (Fig. 3). We independently verified

piRNA expression in OSS cells using Northern blotting and ob-

served hybridization to ;25–28-nt RNAs derived from roo, mdg1,

and 297 (Supplemental Fig. S5). In summary, OSS cells are a ho-

mogenous Drosophila cultured cell line that expresses high levels

of piRNAs.

Drosophila OSS cells express only PIWI amongst
Piwi-class proteins

We next asked which Piwi proteins were involved in OSS piRNA

expression. All three Drosophila Piwi genes—piwi, aub, and

AGO3—are expressed by nurse cells and developing oocytes in the

female germline (Williams and Rubin 2002). However, only piwi is

additionally expressed in ovarian somatic stem cells and the fol-

licle cells that line the oocyte (Cox et al. 2000; Brennecke et al.

2007; Gunawardane et al. 2007) (Fig. 5A).

We performed real-time reverse-transcription PCR (qRT-PCR)

analysis of piwi, aub, and AGO3 in OSS, using adult head RNA as

a negative control and female ovary RNA as a positive control. As

expected, ovaries contained 200- to 2000-fold the level of all three

Piwi family genes relative to heads (Fig. 5B). With these gauges in

place, we determined that OSS cells express high levels of piwi, com-

parable or higher than in ovaries, but they do not express aub or

AGO3. This was also true at the protein level, since staining of OSS

cells with antibodies against the three Piwi proteins (Brennecke et al.

2007) yielded reactivity only with anti-PIWI (Fig. 5C–E). We con-

firmed these results using an independent PIWI antisera (Saito et al.

Figure 4. Sequence properties of TE-siRNAs and TE-piRNAs in OSS cells. (A–D) Aggregate nucleotide composition of all TE-derived reads of length 21 nt
(siRNA) or 27 nt (as a representative piRNA size); in all graphs, the x-axis represents nucleotide position along the piRNA, while the y-axis represents the
percent nucleotide composition and each position. 59 U bias is observed for bulk AS-TE-siRNAs as well as S- and AS-TE-piRNAs, but is lacking in bulk S-TE-
siRNAs. Note also that S-TE-piRNAs lack any bias for adenine at position 10 (above the adenine bias of neighboring nucleotide positions), as would be
expected for ping-pong pairs. Analysis of other TE read sizes are available in Supplemental Figure S3. (E–H ) Specific analysis of roo reads shows similar
trends. Analysis of all other individual TEs are available in Supplemental Figure S4. (I ) Overlap analysis of piRNAs with three hypothetical configurations of
distance between 59 ends of a piRNA and its nearest neighbor on the opposite strand; +10 offset is typical of piRNA ping-pong, while �16 offset is
consistent with a phased arrangement of ping-pong pairs (gray arrows depict ‘‘missing’’ piRNAs). ( J ) Analysis of ovary (black) and 0–2-h embryo (blue)
piRNAs reveals strong ping-pong (+10 offset pairs) and modest evidence for a phased ping-pong pairs. No ping-pong is observed for OSS piRNAs (red).
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2006) (data not shown). Taken together, these data support a follic-

ular or prefollicular origin of OSS cells, as inferred earlier from their

expression of FasIII (Niki et al. 2006).

Differential activity of piRNA master loci in somatic
and germline cells

Analysis of ovary-derived piRNAs revealed the existence of master

loci, defined as genomic intervals to which substantial numbers of

piRNAs could be uniquely mapped (Brennecke et al. 2007). These

were inferred to represent piRNAs that derived from the processing

of much longer master transcripts, tens to hundreds of kilobases in

length. Since this study analyzed whole ovaries, it was unclear

whether there was tissue specificity of master transcript expression

with respect to germline and soma.

We assessed this by comparing the distribution and frequency

of uniquely mapping piRNAs between ovaries, early embryos, and

OSS cells (Table 2; Supplemental Table S2; Supplemental Fig. S6).

This analysis was aided by recently reported large-scale small RNA

data from ovaries and 0–2-h embryos (Brennecke et al. 2008). As

germline-expressed piRNAs are maternally deposited into the de-

veloping oocyte (Brennecke et al. 2008; Chung et al. 2008), piRNAs

from these loci should be shared by ovaries and embryos. Con-

versely, there might exist piRNA loci solely active in somatic fol-

licle cells; these might be shared only by ovaries and OSS cells.

Finally, some master loci might be active in both soma and

germline, and are thus present in all three populations.

This is indeed what we have found (Table 2; Supplemental

Table 2). As expected, the previously described piRNA master loci

generated a substantial fraction of uniquely mapping piRNAs.

Notably, 42AB generated the highest percentage of unique piRNAs

in both ovary and embryo populations (12%–15%). This is con-

sistent with its known maternal transmission and role in hybrid

dysgenesis (Brennecke et al. 2008). However, 42AB was barely ac-

tive in OSS cells, contributing only 0.08% of unique piRNAs. We

conclude that 42AB is predominantly active in the germline.

Reciprocally, 20AB/flamenco was the most active known

piRNA cluster in OSS cells, generating 5.2% of unique piRNAs.

However, it was only moderately abundant in ovaries, and barely

detected in embryos. Since follicle cells comprise a minority of

total ovary volume, OSS samples are comparatively enriched in

follicle-specific transcripts. The only other known piRNA cluster

expressed at appreciable levels in OSS cells was 20A. This locus was

Figure 5. OSS cells are related to ovarian follicle cells. (A) Schematic of an
individual mature germarium. The germline consists of 15 nurse cells and the
developing oocyte; the latter is ensheathed by follicle cells of somatic origin.
The accumulation of the three Piwi-class proteins—PIWI, AUB, and AGO3—in
these celltypes is indicated. (B) Quantitative RT–PCR analysis of Piwi-class
transcripts in OSS cells; ovaries were used as a positive control and female
heads as a negative control. Transcript levels were normalized to RpL32 as
a control, and expressed as the fold change above the level in heads. OSS cells
express high levels of piwi, but not aub or AGO3. (C–E ) Immunostaining of
OSS cells with antibodies against the three Piwi-class proteins (green) verifies
sole expression of PIWI; DNA was counterstained with DAPI (blue).

Table 2. Distinct patterns of TE master loci activity in ovaries,
early embryos, and OSS cells define germline and somatic clusters

Data of Brennecke et al. (2008) was used for ovary and 0–2-h embryo
reads. Note that 42AB and 38C are highly expressed in ovaries and em-
bryos, but not in OSS cells, and are thus germline expressed and mater-
nally transmitted (pink). Reciprocally, 20AB (flamenco) is very highly
expressed in OSS cells and moderately so in ovaries, but is barely detected
in embryos; it is therefore somatically expressed (green). 20A is expressed
in all three samples (blue). The unshaded loci are novel clusters that
generate abundant uniquely mapped piRNAs in OSS cells. The chr2R and
chrX clusters comprise isolated gypsy-family elements that exhibit strong
somatic patterns; the >70-kb chrU cluster is expressed in all three samples
but is strongest in OSS cells. Complete TE master loci data are found in
Supplemental Table S3.

Table 2 live 4/C
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also well represented in ovaries and embryos, indicating that 20A

is active in both soma and germline. Overall though, the other

piRNA clusters defined previously (Brennecke et al. 2007) were

barely active in OSS cells (Supplemental Table S2). Therefore, most

of the previously described piRNA master loci are programmed

for maternal transmission of piRNAs, but select master loci have

specific functions in somatic cells of the gonad.

We wondered whether our OSS data might reveal novel

follicle-cell master loci that were poorly represented in whole

ovaries. We surveyed the genome in 5-kb intervals for loci that

generated large numbers of TE-piRNAs, especially uniquely map-

ping piRNAs and collapsed adjacent regions where applicable. This

showed the highest expressed piRNA loci in OSS cells to be 20AB/

flamenco, and to a lesser extent 20A (Supplemental Table S3).

However, we recovered several novel loci, including a cluster at

chrU:965000:1035000 and isolated gypsy5- and gypsy-encoding

regions of chromosomes X and 2R (Table 2; Supplemental Table S3;

Supplemental Fig. S7). These putative soma-specific piRNA clusters

share with 20AB/flamenco the properties of being much more

highly expressed in OSS than in ovaries and of being less abundant

in early embryos (in particular, the gypsy5 and gypsy clusters were

nearly absent in embryos) (Table 2). The chrU cluster shared ad-

ditional features with flamenco, including a long putative precursor

(;70 kb), nearly completely strand-specific piRNA production,

a high degree of uniquely mapping piRNAs (;100,000 reads,

equivalent to the number of piRNAs uniquely mapped to fla-

menco), and a strong bias for antisense-oriented TEs, including

multiple gypsy and idefix elements (Supplemental Fig. S7).

Lack of ping-pong signatures indicate that OSS cells express
primary piRNAs

The ping-pong amplification model was proposed to explain the

selective generation of abundant piRNAs from active transposon

transcripts (Brennecke et al. 2007; Gunawardane et al. 2007). Its

key signatures are: (1) the existence of complementary piRNA pairs

that predominantly exhibit 10-nt offsets between their 59 ends,

and (2) the existence of distinct piRNA populations with either 59

uridine bias or heterogenous first nucleotide and predominant

adenine at the 10th position. Although ping-pong was elucidated

by separately sequencing the piRNAs resident in the three Dro-

sophila Piwi proteins, its signatures are evident in libraries con-

structed from total RNA (Aravin et al. 2007; Houwing et al. 2007;

Grimson et al. 2008).

When analyzing piRNAs mapped to individual and consensus

TEs, we observed that both antisense piRNAs and sense piRNAs in

OSS cells exhibit strong preference for 59U (Fig. 4C,D). This

remained true when analyzing piRNAs mapped to individual TEs.

Moreover, no TE class exhibited A10 bias for sense piRNA reads. We

sensitized our analysis by searching for A10 bias in sense piRNAs

lacking 59 U, or in cohorts of piRNAs binned by size (Supplemental

Figs. S3, S4; data not shown); however, no evidence for ping-pong

was obtained. As a final test, we checked for 10-nt offsets to com-

plementary piRNA pairs (Fig. 4I). We identified a strong signal for

ping-pong pairs using large-scale TE-piRNA data from ovaries and

0–2-h embryos (Fig. 4J; Supplemental Fig. S8) (Brennecke et al.

2008). These analyses also revealed a minor signal for offset rela-

tionships of�16 to�18 nt, which might derive from phased ping-

pong activity. In contrast, no particular dominant offset was ob-

served for OSS TE-piRNAs (Fig. 4J; Supplemental Fig. S8).

When considered alongside our empirical observation that

OSS cells contain little or no AGO3 or AUB (Fig. 5), we conclude

that OSS sense and antisense piRNAs are produced by a primary

pathway, as opposed to a ping-pong mechanism with segregated

production of sense and antisense piRNAs. Since TE-piRNAs com-

prise the largest class of short regulatory RNA in OSS cells, collec-

tively much more numerous than miRNAs and siRNAs combined

(Fig. 3B), these data support the unexpected conclusion that abun-

dant piRNA production is possible in the absence of ping-pong

amplification. It remains formally possible that OSS cells acquired

atypical behavior during the course of their derivation, but the

close similarities in protein and piRNA expression between OSS

cells and follicle cells strongly suggest that an efficient PIWI-

associated primary piRNA pathway is a genuine property of somatic

ovarian cells.

Novel subnuclear localization of PIWI in Drosophila OSS cells

We reasoned that the subcellular localization of PIWI might be

informative with respect to piRNA pathway activity in somatic

ovarian cells. Similar to its endogenous localization in the germa-

rium and embryo, PIWI was predominantly nuclear in OSS cells, as

marked by the overlap with DAPI staining of DNA (Fig. 5C).

However, high-magnification deconvolution microscopy revealed

that PIWI was largely excluded from the highly condensed chro-

mocenter (Fig. 6). The localization of PIWI in OSS cells contrasted

with previous observations that PIWI was enriched at the chro-

mocenter of polytene DNA of larval salivary glands (Brower-Toland

et al. 2007). In that setting, PIWI colocalized with Suppressor of

variegation 205 [SU(VAR)205, also known as heterochromatin

protein 1a (HP1a)] and overlapped substantially with histone H3

trimethylated at lysine 9 (H3K9me3), a marker of transcriptionally

repressed chromatin (Brower-Toland et al. 2007). In addition, PIWI

was earlier reported to colocalize with Polyhomeotic (PH), a com-

ponent of the Polycomb repressive complex 1 (PRC1), in nuclei

of larval imaginal discs (Grimaud et al. 2006).

Therefore, we examined PIWI with respect to additional

chromatin markers. Triple staining of PIWI and DAPI with

SU(VAR)205 (i.e., HP1a), H3K9me3, or H3K27me3 indicated that

the bulk of PIWI in OSS cells was excluded from both constitutive

and facultative heterochromatin (Fig. 6A–C). PIWI also did not

overtly colocalize with Polycomb foci in OSS nuclei (Fig. 6E). Cu-

riously, PIWI did not exhibit substantial overlap with H3K4me3

(Fig. 6D), a general marker of transcriptionally active domains.

Taken together, these data demonstrate that bulk PIWI proteins in

OSS cells are nucleoplasmic, but not fixed to any particular chro-

matin state.

Conclusions

A cultured cell system for studying primary piRNA
production

We showed that OSS cells express the three major classes of small

regulatory RNAs described in Drosophila: miRNAs, endo-siRNAs,

and piRNAs. Moreover, the fact that OSS cells express only primary

piRNAs makes them amenable to dissecting a key aspect of piRNA

production that has been challenging to analyze in the intact an-

imal. We found PIWI-associated production of primary piRNAs to

be quite efficient and greater than miRNA and endo-siRNA output

combined in these cells. Future studies are needed to understand

how such massive piRNA generation is achieved. This may yield

insight into the production of abundant pachytene piRNAs in

mammalian testis. As with primary Drosophila piRNAs, pachytene
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piRNAs are presumably generated without ping-pong, but the

mechanism of their genesis is otherwise mysterious.

Our study of siRNAs and piRNAs from this homogenous cell

population provided unique insights into the generation and

provenance of TE-derived small RNAs. Previous studies of ovaries

were confounded by uncertainty in which cell types expressed

various populations of small RNAs. Using OSS cells, we discerned

follicular-specific piRNA master clusters, including 20AB/flamenco.

We also identified novel somatic clusters, including a 70-kb cluster

on chrU that exhibits many of the key

features of flamenco, such as a high pro-

duction of uniquely mapped piRNAs

from a single-stranded precursor, and

a strong bias for antisense-oriented TEs.

The recognition of somatic piRNA clus-

ters allowed us (1) to distinguish pop-

ulations of maternally transmitted and

ovary-restricted piRNAs in the animal,

and (2) to demonstrate that somatic TE

master loci such as flamenco are processed

by a primary piRNA biogenesis mecha-

nism that does not rely upon ping-pong

exchange. These findings correlate well

with genetic evidence that flamenco re-

stricts gypsy, ZAM, and idefix specifically

in somatic follicle cells (Prud’homme

et al. 1995; Mevel-Ninio et al. 2007), and

that gypsy and ZAM have indeed adopted

a specific habitat in follicle cells (Pelisson

et al. 1994; Leblanc et al. 2000). Taken

together, these observations suggest that

the primary piRNA pathway and special-

ized master clusters evolved in concert

with the colonization of a follicular niche

by specific TEs.

While this work was under review,

Li et al. (2009) and Malone et al. (2009)

obtained complementary results regard-

ing the existence of a primary piRNA

pathway; they analyzed small RNA li-

braries from various mutant ovaries

and compared maternal transmission of

piRNA populations to reach a similar

conclusion that a PIWI-mediated primary

pathway operates on flamenco for TE de-

fense in somatic ovarian cells. We further

note that the production of gypsy-family

endo-siRNAs is also especially active in

OSS cells (Fig. 3; Supplemental Fig. S2),

suggesting that both piRNA- and siRNA-

mediated defense are necessary in these

specialized somatic gonadal cells.

Our immunohistochemical analysis

of PIWI permitted a high-resolution view

of the nuclear subcompartment of PIWI

localization. In contrast with its reported

colocalization with various markers of

repressed chromatin in larval salivary

glands and imaginal discs (Grimaud et al.

2006; Brower-Toland et al. 2007), PIWI

was excluded from the chromocenter

and from SU(VAR)205/HP1a- and PRC1-

marked domains in OSS cells. Moreover, costaining with a panel

of histone methylation marks revealed that PIWI was not pre-

ferentially associated with either transcriptionally repressed or

active chromatin. Since OSS cells exhibit other molecular and

genetic properties of follicle cells, where PIWI plays one of its

most prominent roles, OSS cells may represent a relevant system

for understanding the unique cell biology of PIWI, the only

Drosophila Argonaute protein with predominant nuclear localiza-

tion.

Figure 6. PIWI protein localization in OSS cells appears nucleoplasmic and not specific for any
chromatin state. Triple staining of PIWI and DAPI with SU(VAR)205 (also known as HP1a) (A), H3K9me3
(B), H3K27me3 (C ), H3K4me3 (D), and Polycomb (PC) (E ). Arrowheads mark the location of the
chromocenter, a DAPI-dense congregation of heterochromatin. PIWI is specifically absent from the
chromocenter and does not overlap appreciably with either markers of silent or active chromatin.
Some PIWI foci are near Polycomb foci, but these appear to be incidental and are never overlapping
(arrows, E ).
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Methods

OSS cell methods
Culture media for OSS cells was prepared as described (Niki et al.
2006). For immunostaining, cells were cultured on glass chamber
slides coated with Concanavalin-A (Sigma) and fixed in 13 PBS
with 4% paraformaldehyde. After blocking for 1 h in abs-buffer (5%
milk, 5% BSA, 13 PBS), cells were probed overnight with a 1:500–
1:1000 dilution of primary antibodies: rabbit anti-PIWI, rabbit anti-
AGO3, and rabbit anti-AUB (from Greg Hannon, Cold Spring
Harbor Laboratory, NY), mouse anti-PIWI (from H. Siomi and M.
Siomi, Keio University School of Medicine, Tokyo, Japan), rabbit
anti-H3K9Me3 and rabbit anti-H3K27Me3 (Upstate/Millipore),
rabbit anti-H3K4Me3 (Abcam), mouse anti-SU(VAR)205/HP1a
(Developmental Studies Hybridoma Bank), or mouse anti-PC an-
tibody (Saurin et al. 2001), followed by Alexa-488 or -Cy3 conju-
gated secondary antibodies (Molecular Probes).

Small RNA library construction

Two 10-cm dishes of confluent OSS cells were lysed in 1 mL of
binding buffer (20 mM HEPES-KOH at pH 7.9, 10% glycerol, 100
mM KOAc, 0.2 mM EDTA, 1.5 mM MgCl2, 0.2 mM PMSF, 1.0 mM
DTT, 13 Roche Complete EDTA-free protease inhibitor cocktail) by
freeze-thaw fracture, and total cell lysate was clarified by 30-min
centrifugation at full speed. A 1-mL HiTrap Q HP column (GE
Healthcare) was equilibrated with binding buffer, and OSS whole-
cell extract was applied and washed with 1 column volume (CV) of
binding buffer to yield flowthrough. Two CV of binding buffer
supplemented to 300 mM KOAc was applied to yield mild salt el-
uate. Flowthrough and eluate fractions were combined, extracted
with phenol/chloroform, and RNAs were precipitated with etha-
nol. Small RNAs were subjected to library construction (NC Lau, T
Ohsumi, M Borowsky, VV Kapitonov, RE Kingston, and MD
Blower, in prep.) and sequenced using the Illumina GA-II platform.

Analysis of gene expression

We analyzed mRNA levels using quantitative reverse transcrip-
tion–polymerase chain reaction (qPCR) and SYBR Green (Okamura
et al. 2008) and the following primer sets:

piwi-Forward 59-CTTCCCGAGGTAGTGGTGATGG-39

piwi-Reverse 59-GCTCTGTCGGGCCACCTTCACG-39

aub-Forward 59-GGAAATTCCGGATGACCGCAAC-39

aub-Reverse 59-ACCTGCGATGGCACCGGTCTG-39

AGO3-Forward 59-AAGCAGTTTGATCCTTCGCGTC-39

AGO3-Reverse 59-AGATCAACCAGCATTTCTAGAAC-39

RpL32-A 59-ATCGGTTACGGATCGAACA0-39

RpL32-B 59-ACAATCTCCTTGCGCTTCTT-39

Small RNA Northern blotting was performed as described (Okamura
et al. 2007) using LNA probes to monitor mdg1 and 297 (Chung
et al. 2008) and DNA probes to monitor roo and miR-2 (Vagin et al.
2006); the miR-2 probe can likely hybridize to the products of
several miRNA genes including mir-2a-1, mir-2a-2, mir-2b-1, and
mir-2b-2).

Computational analyses of small RNA sequences

Reads were clipped of their 39 linkers and mapped to the
Drosophila Genome Release 5.3. These data were deposited at NCBI
Gene Expression Omnibus under series GSE15378, with the four
library datasets under GSM385744, GSM385748, GSM385821, and
GSM385822. We extracted reads that matched perfectly to the
genome using Novocraft (http://www.novocraft.com), with no

internal mismatches permitted. Depending on the analysis, we
either considered the total number of reads mapped to a given
genomic location or considered the normalized read number
obtained by dividing by the total number of mapped locations for
a given sequence.

To analyze TE-piRNAs and TE-siRNAs, we mapped all reads to
RepeatMasker annotations (extracted from http://www.repeatmasker.
org/genomes/dm3/dm3.fa.out.gz) and considered as TE-reads the
reads included entirely in the RepeatMasker coordinates. For the
sequence composition analysis, we recorded the frequencies of
each nucleotide for each position across the read (with read counts
normalized against genomic locations). For the pairing analysis, as
illustrated in Figure 4I, we counted occurrences of reads on one
strand separated from reads on the opposite strand by an offset in
59 nucleotides varying from �20 to +30. The numbers were then
normalized (divided by their mean) for each data set.

For the master cluster analysis, we considered 21-nt reads and
24–30-nt reads that mapped to the previously defined master loci
(Brennecke et al. 2007). In addition to OSS reads, we also analyzed
previously published small RNA datasets of Hannon and col-
leagues (Brennecke et al. 2007, 2008). To define novel master loci,
we analyzed 5-kb windows across the genome for the number
of 24–30-nt reads, tabulating both the normalized number of
reads and the number of uniquely matching reads. We considered
those windows that contained annotated TEs and yielded >5000
uniquely mapped piRNAs, or at least 1% of the most abundant
5-kb window (resident in 20AB/flamenco).
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Note added in proof

While this paper was in review, Kawaoka et al. (2009) described an

ovary-derived cell line from Bombyx mori with endogenous ex-

pression of piRNAs and Piwi-class proteins.
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