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SUMMARY

Piwi-interacting RNAs (piRNAs) silence transposons
and maintain genome integrity during germline devel-
opment. In Drosophila, transposon-rich heterochro-
matic clusters encode piRNAs either on both
genomic strands (dual-strand clusters) or predomi-
nantly one genomic strand (uni-strand clusters).
Primary piRNAs derived from these clusters are
proposed to drive a ping-pong amplification cycle
catalyzed by proteins that localize to the perinuclear
nuage. We show that the HP1 homolog Rhino is
required for nuage organization, transposon silenc-
ing, and ping-pong amplification of piRNAs. rhi muta-
tions virtually eliminate piRNAs from the dual-strand
clusters and block production of putative precursor
RNAs from both strands of the major 42AB dual-
strand cluster, but not of transcripts or piRNAs from
the uni-strand clusters. Furthermore, Rhino protein
associates with the 42AB dual-strand cluster,but
does not bind to uni-strand cluster 2 or flamenco.
Rhino thus appears to promote transcription of
dual-strand clusters, leading to production of piRNAs
that drive the ping-pong amplification cycle.

INTRODUCTION

Mutations in the Drosophila piwi-interacting RNA (piRNA)

pathway disrupt transposon silencing, cause DNA break accu-

mulation during female germline development, and lead to

defects in posterior and dorsoventral axis specification (Bren-

necke et al., 2007; Chambeyron et al., 2008; Klattenhoff et al.,
2007; Vagin et al., 2006). The axis specification defects associ-

ated with piRNA pathway mutations are dramatically suppressed

by mutations in mnk and mei-41, which encode Chk2 and ATR

kinase homologs that function in DNA damage signaling (Chen

et al., 2007; Klattenhoff et al., 2007; Pane et al., 2007). The devel-

opmental defects linked to piRNA pathway mutations thus

appear to be secondary to DNA damage, which may result

from transposon mobilization. PIWI proteins bind piRNAs, and

mutations in genes encoding mouse and Zebrafish piwi homo-

logs lead to transposon overexpression and germline-specific

apoptosis (Carmell et al., 2007; Houwing et al., 2007), which

could be triggered by DNA damage. The piRNA pathway may

therefore have a conserved function in transposon silencing

and maintenance of germline genome integrity.

Drosophila piRNAs appear to be derived from transposon rich

clusters, most of which are localized in pericentromeric and sub-

telomeric heterochromatin (Brennecke et al., 2007). The majority

of clusters produce piRNAs from both genomic strands (dual-

strand clusters). However, two major clusters on the X chromo-

some produce piRNAs predominantly from one genomic strand

(uni-strand clusters) (Brennecke et al., 2007; Brennecke et al.,

2008). One of these uni-strand clusters maps to flamenco, a locus

required for transposon silencing in the somatic follicle cells

(Brennecke et al., 2007; Mevel-Ninio et al., 2007; Pelisson et al.,

2007; Pelisson et al., 1994; Prud’homme et al., 1995; Sarot

et al., 2004). The flamenco cluster contains fragments of a number

of transposons, including Zam, idefix, and gypsy, and flamenco

mutations disrupt silencing of these transposons (Desset et al.,

2008; Mevel-Ninio et al., 2007; Prud’homme et al., 1995). In addi-

tion, transgenes carrying fragments of transposons in this cluster

show flamenco-dependent silencing (Sarot et al., 2004). These

findings suggest that piRNAs encoded by flamenco trans-silence

complementary transposons located outside this cluster (Bren-

necke et al., 2007).
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The mechanism of trans-silencing by piRNA is not well under-

stood. piRNA-PIWI protein complexes catalyze homology-

dependent target cleavage, suggesting that target transposon

mRNAs are cotranscriptionally or posttranscriptionally degraded

(Gunawardane et al., 2007; Saito et al., 2006). However, several

Drosophila piRNA pathway mutations have been reported to

modify position effect variegation (PEV) (Brower-Toland et al.,

2007; Pal-Bhadra et al., 2002; Pal-Bhadra et al., 2004), which

is linked to spreading of transcriptionally silent heterochromatin

from pericentric and telomeric regions (Girton and Johansen,

2008). Piwi protein also binds to heterochromatin in somatic

cells, and interacts with Heterochromatin protein-1 (HP1) in

yeast two-hybrid and immunoprecipitation assays (Brower-Tol-

and et al., 2007). piRNA-Piwi protein complexes could therefore

silence target transposons by directing assembly of heterochro-

matin-like domains. In fission yeast, which do not have piRNAs,

small interfering RNAs (siRNAs) and Argonaute 1 (Ago1) appear

to recognize nascent transcripts at the centromere, triggering

both transcript destruction and HP1 recruitment and assembly

of centromeric heterochromatin (Buhler et al., 2006; Verdel and

Moazed, 2005). A similar combination of homology dependent

cleavage and heterochromatin assembly could drive piRNA

based silencing in the Drosophila germline.

The mechanism of piRNAs biogenesis also remains to be

fully elucidated. Dicer endonucleases cleave double-stranded

precursors to produce miRNAs and siRNAs (reviewed in Ghil-

diyal and Zamore, 2009), but piRNA production is Dicer indepen-

dent (Houwing et al., 2007; Vagin et al., 2006). A subset of sense

and antisense piRNAs overlap by 10 base pairs and show

a strong bias toward an A at position 10 of the sense strand

and a complementary U at the 50 end of the antisense strand,

suggesting that positions 1 and 10 base pair (Brennecke et al.,

2007; Gunawardane et al., 2007). As Argonautes cleave their

targets between positions 10 and 11 of the guide strand (Guna-

wardane et al., 2007; Saito et al., 2006), these finding suggest

that piRNAs are produced by a ‘‘ping-pong’’ amplification cycle

in which antisense strand piRNAs bound to Argonaute proteins

cleave complementary RNAs to produce the 50 end of sense

piRNAs, which in turn direct a reciprocal reaction that generates

the 50 end of antisense strand piRNAs (Brennecke et al., 2007;

Gunawardane et al., 2007). However, most piRNAs cannot be

assigned to ping-pong pairs, some clusters produce piRNAs

from only one strand (Brennecke et al., 2007), and the mecha-

nism of 30 end generation has not been determined. It is also

unclear how ping-pong amplification is initiated, since the cycle

depends on pre-existing primary piRNAs.

Here, we show that Rhino (Rhi), a member of the Heterochro-

matin Protein 1 (HP1) subfamily of chromo box proteins (Volpe

et al., 2001), is required for transposon silencing, production of

piRNAs by dual-strand heterochromatic clusters, and efficient

ping-pong amplification. Significantly, Rhi protein associates

with the 42AB dual-strand cluster and is required for production

of longer RNAs from both strands of this cluster. Rhi thus

appears to promote expression of trigger RNAs that are pro-

cessed to from primary piRNAs that drive ping-pong amplifica-

tion and transposon silencing. We also show that protein coding

genes carrying transposons and transposon fragments within

introns escape silencing, suggesting that piRNA silencing is
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imposed after RNA processing. Furthermore, rhi mutations

disrupt nuage, a perinuclear structure that is enriched in piRNA

pathway components. We therefore speculate that the nuage

functions as a perinuclear surveillance machine that scans

RNAs exiting the nucleus and destroys transcripts with piRNA

complementarity.

RESULTS

Drosophila piRNA pathway mutations lead to germline DNA

damage and disrupt axis specification through activation of

Chk2 and ATR kinases, which function in DNA damage signaling

(Chen et al., 2007; Cook et al., 2004; Pane et al., 2007). Mutations

in the rhi locus lead to very similar patterning defects (Volpe et al.,

2001). The mei-41 and mnk genes encode ATR and Chk2,

respectively (Brodsky et al., 2004; Hari et al., 1995). To determine

whether the axis specification defects associated with rhi result

from damage signaling, we generated double mutants with mnk

and mei-41 and quantified axis specification by scoring for

assembly of dorsal appendages, which are egg shell structures

that form in response to dorsal signaling during oocyte develop-

ment (Table S1 available online). Only 17% (n = 700) of embryos

from rhiKG/rhi2 females had two wild-type appendages.

However, 80% (n = 689) of embryos from mnk;rhiKG/rhi2

double-mutant females had two appendages (Table S1). In addi-

tion, 33% (n = 732) of embryos from mei-41;rhiKG/rhi2 double-

mutant females had two appendages (Table S1). Consistent

with these observations, rhi mutations disrupt dorsal localization

of Gurken and posterior localization of Vasa in the oocyte, and

localization of both proteins is restored in mnk; rhiKG/rhi2 double

mutants (Figure 1).

Both ATM and ATR kinases have been reported to activate

Chk2 (Wang et al., 2006). Mutations in the Drosophila atm gene

are lethal, but caffeine inhibits ATM and to a lesser extent ATR

(Sarkaria et al., 1999). Strikingly, 88% (n = 473) of embryos from

rhi mutant mothers fed caffeine had wild-type dorsal appendages

(Table S1). Similarly, only 2% (n = 277) of embryos from armi

mutant females had two dorsal appendages, compared with

11% (n = 477) after caffeine treatment (Table S1). In addition,

56% (n = 575) of embryos from mei41D3/mei41D3; armi72.1/armi1

females had wild-type appendages, but 83% (n = 226) of embryos

from mei41D3/mei41D3; armi72.1/armi1 double mutants fed with

caffeine had two appendages (Table S1). Caffeine combined

with mei-41 mutations thus leads to levels of suppression that

are similar to mnk single mutations, suggesting that ATM and

ATR redundantly activate Chk2 in armi and rhi mutants.

The mei-W68 locus encodes the Drosophila Spo11 homolog,

which is required for meiotic double-strand break formation

(McKim and Hayashi-Hagihara, 1998). However, mei-W68 muta-

tions fail to suppress the dorsal appendage defects associated

with rhi (Table S1), indicating that DNA damage signaling in rhi

mutants is not due to defects in meiotic break repair.

The phosphorylated form of the Drosophila histone H2AX

(g�H2Av) accumulates near DNA double-strand break sites

(Gong et al., 2005; Modesti and Kanaar, 2001; Redon et al.,

2002). In wild-type ovaries, g-H2Av foci are generally restricted

to region 2 of the germarium, where meiotic double-strand

breaks are formed (Figures 1D–1F) (Jang et al., 2003). As the
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Figure 1. DNA Damage Signaling in rhi

Mutants

(A–C) Mutations in mnk, which encodes the DNA

damage signaling kinase Chk2, suppress the

Gurken and Vasa protein localization defects in

rhi mutants.

(A) In a stage 9 wild-type oocyte, Grk (blue) is

localized at the dorsal anterior cortex near the

oocyte nucleus and Vas (red) is localized at the

posterior cortex. Actin filaments (green) mark

the cell boundaries.

(B) In rhi egg chambers, this localization pattern is

lost, with Grk and Vas dispersed throughout the

oocyte.

(C) mnk suppresses the rhi phenotype, and

rescues Grk and Vas localization during late

oogenesis. Images were acquired under identical

conditions. Projections of two serial 0.6 mm optical

sections are shown. Scale bars represent 20 mm.

(D–F) rhi mutants have increased DNA damage in

the germline.

(D) Foci of g-H2Av are observed in wild-type ovaries in region 2a and 2b of the germarium and correspond to the DSBs induced during meiotic recombination.

(E) In rhi mutants, much larger foci also appear in region 2a of the germarium but persist in region 3 and the developing egg chambers. Samples were labeled and

images were acquired under identical conditions. Projections of 5 serial 1mm optical sections are shown. Posterior is oriented to the right. Scale bars represent

10 mm.

(F) A schematic representation of the regions of the germarium and a developing egg chamber.
cysts mature and pass through region 3 of the germarium,

g-H2Av labeling is reduced. Stage 2 egg chambers, which bud

from the germarium, show only low levels of g-H2Av labeling.

In rhi mutants, prominent g-H2Av foci are present in germline

cells of the germarium, and these foci persist and increase in

intensity as cysts mature and bud to form stage 2 egg chambers

(Figures 1D and 1E). rhi mutations thus appear to trigger germ-

line-specific DNA breaks and damage signaling through ATM,

ATR, and Chk2.

Transposon Silencing and Gene Expression
The piRNA pathway is required for transposon silencing in the

Drosophila female germline (Vagin et al., 2006) but has also

been implicated in heterochromatic gene silencing in somatic

cells (Brower-Toland et al., 2007; Pal-Bhadra et al., 2002; Pal-

Bhadra et al., 2004). We therefore assayed both transposon

and protein-coding gene expression using whole-genome tiling

arrays (Figure 2). In both rhi and armi mutants, most transposon

families show a relatively modest 1.5- to 2-fold increase in

expression, which is not statistically significant (false discovery

rate [FDR] > 0.02). However, a subset of transposon families

are dramatically overexpressed in both rhi and armi mutants

(Figures 2B and 2C; blue points indicate FDR < 0.02). For

example, HeT-A expression increased 70-fold in rhino and 117-

fold in armi (Table S2). In total, 15 of 17 transposon families that

are significantly overexpressed in rhi are also overexpressed in

armi (Figure S1). 11 families are overexpressed with an FDR <

0.02 in armi mutants, but not in rhi (Figure S1). Rhino thus appears

to silence a subset of the transposons silenced by Armi. This

could reflect a role for Armi in transposon silencing in both

somatic follicle cells and the germline (Klattenhoff et al., 2007),

while Rhi appears to be restricted to the germline (see below).

Both rhi and armi mutations increased expression of long

terminal repeat (LTR) elements, non-LTR retrotransposons,
and inverted repeat (IR) elements (Figure S2) (Vagin et al.,

2006), Similar patterns of transposon overexpression are

observed in aub and ago3 mutants, which disrupt piRNA biogen-

esis (Li et al., 2009). Mutations in established piRNA pathway

genes and in the rhino locus thus disrupt transposon silencing,

independent of transposition mechanism.

piRNAs from the suppressor of stellate locus silence the

Stellate gene during male germline development, and Stellate

protein overexpression leads to Stellate crystal formation during

spermatogenesis (Aravin et al., 2001; Bozzetti et al., 1995; Livak,

1984, 1990; Palumbo et al., 1994). However, rhi mutations do not

lead to Stellate crystal formation or compromise male fertility

(Figure S3 and data not shown).

HP1 and several genes in the piRNA pathway have been impli-

cated in position effect variegation, which is linked to spreading

of heterochromatin from centromeric and telomeric regions

(Elgin and Grewal, 2003; Pal-Bhadra et al., 2004). However,

neither rhino nor armi led to statistically significant changes in

the expression of any protein coding genes, including the 613

annotated heterochromatic genes (Smith et al., 2007) (Figures

2D and 2E; green points indicate heterochromatic genes). piRNA

pathway and rhi mutations thus do not produce changes in

heterochromatin organization sufficient to alter protein coding

gene expression during oogenesis.

Figure 2A shows a genome browser view of the region con-

taining the heterochromatic gene jing. Expression of exons that

comprise the mature jing transcript are essentially identical in

w1118 and rhi, but expression of a flea transposon located in

a major intron increases 7-fold (FDR < 0.02), and several trans-

posons in the intergenic regions near jing are also overexpressed

(Figure 2A, rhino, pink bars). The repeated nature of natural

transposons and the design of the arrays makes it impossible

to determine which specific transposon copy or copies are over-

expressed, but we can conclude that at least one member of the
Cell 138, 1137–1149, September 18, 2009 ª2009 Elsevier Inc. 1139



transposon family is overexpressed. Over 1300 protein coding

genes carry transposon insertions within introns, and thus have

primary transcripts that could base pair with piRNAs. This

includes ago3, which encodes an Arognaute protein that is

expressed in the female germline and is required for ping-pong

amplification of piRNAs (Li et al., 2009). Our array studies show

that expression of ago3, and the other protein coding genes

carrying intronic transposon insertions, does not significantly

change in rhi or armi mutants (Figures 2D and 2E and data not

shown). These observations suggest that piRNA-dependent

silencing may be imposed after splicing, which removed trans-

poson homology from protein coding genes.

Rhi Localization
To define the subcellular distribution of Rhi, we generated a GFP-

rhi transgene and raised anti-Rhi antibodies, which were used to

Figure 2. Gene and Transposon Expression

in rhi Mutant Ovaries

(A) Genome browser view of tiling array data near

jing, a protein-coding gene in pericentromeric

heterochromatin on chromosome 2R. Expression

of jing exons (green bars) is unaltered by rhi

mutants. However, several intronic and extragenic

transposons are significantly overexpressed (pink

bars).

(B and C) Genome-wide analysis of transposon

family expression in rhi and armi mutants. Tiling

arrays were used to quantify expression of 95

transposon families in rhi, armi, and w-1118

controls. Graphs show expression in rhi and armi

plotted against expression in w-1118. The lines

intercept the origin and have a slope of 1, and

thus indicate equal expression in both genotypes.

Significantly overexpressed transposon families

are indicated by blue data points.

(D and E) Genome-wide comparison of protein

coding gene expression in rhi and armi mutants,

plotted against expression in w1118. Heterochro-

matic genes are indicated by green data points,

and euchromatic genes are indicated by red data

point. Both classes cluster around the diagonal,

indicating similar expression levels in mutant and

controls.

localize the protein in vivo and immunola-

bel whole-mount egg chambers. Both

methods revealed germline-specific

nuclear foci that are present throughout

oogenesis (Figures 3A–3D). In addition,

germline-specific expression of the GFP-

Rhi fusion protein rescued fertility and

axial patterning in rhi mutations (Table

S1). Rhi thus appears to function specifi-

cally within the germline cells of the ovary.

To determine whether Rhi foci are

associated with centromeres, we labeled

for Rhi and CID, the Drosophila homolog

of the centromere-specific, histone H3-

like CENP-A (Blower and Karpen, 2001).

Rhi accumulated in regions adjacent to most CID foci in germline

nuclei, consistent with localization to pericentromeric hetero-

chromatin (Figures 3E–3G). However, many Rhi foci were not

obviously linked to CID. Some of these foci could be linked to

telomeres or other chromatin domains. Resolving this question

will require higher-resolution molecular approaches.

To determine whether Rhi localization depends on the piRNA

pathway, we immunolabeled egg chambers mutant for aub

and armi. Rhino localization to nuclear foci was not disrupted

by either mutation (Figures 3A–3C). In striking contrast, rhi muta-

tions disrupt localization of Aub and Ago3 to nuage, a perinuclear

structure implicated in RNA processing (Figures 3H, 3I, 3L, and

3M). Vasa is a core component of nuage, and perinuclear

localization of Vasa was also lost in rhi mutants (Figure S4).

Piwi localizes to nuclei in both germline cells and the somatic

follicle cells. In wild-type ovaries, Piwi is most abundant in
1140 Cell 138, 1137–1149, September 18, 2009 ª2009 Elsevier Inc.
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Figure 3. Rhi Localization Is Independent of

the piRNA Pathway, but Localization of the

PIWI Proteins Ago3 and Aub Requires Rhi

(A–C) Rhi localization appears similar in wild-type

(A), armi (B), and aub (C) stage 2 to stage 4 egg

chambers. Projections of five serial 1 mm optical

sections are shown. Scale bars represent 20 mm.

(D) GFP-Rhi transgene shows localization pattern

similar to endogenous Rhi detected with anti-Rhi

antiserum in the germline nuclei of stage 4–5 egg

chambers. The scale bar represents 10 mm.

(E–G) Wild-type ovaries immunostained with

(E and G) anti-Rhi antiserum and (F and G) anti-

CID antibody show that some Rhi foci localize

adjacent to CID foci (arrows) consistent with

binding to peri-centromeric heterochromatin in

some but not all chromosomes. The scale bar

represents 5 mm.

(H–O) rhi mutation disrupts localization of PIWI

class Argonautes. Stage 4–5 (H, I, L, and M), stage

2–3 (J and N), and germarium to stage 3–4 egg

chambers (K and O) of wild-type and rhi mutant

ovaries were immunostained with corresponding

antibodies. Projections of three serial 1 mm optical

sections are shown. Scale bars represent 10 mm

(H, I, J, L, M, and N) and 20 mm (J, K, and O).

Wild-type localization of Ago3 and Aub proteins

to perinuclear nuage is disrupted in rhi mutants.

Piwi protein localizes to the nuclei of both germline

and somatic cells in wild-type egg chambers. Only

germline nuclear localization of Piwi in early stages

is disrupted by mutations in rhi.
germline nuclei during early stages of oogenesis (Figure 3K). In

rhi mutants, nuclear localization of Piwi is reduced during these

early stages (Figures 3N and 3O). However, in later-stage egg

chambers, which make up the bulk of the ovary, Piwi localization

in rhi is similar to wild-type controls (Figures 3J, 3K, 3N, and 3O).

These findings suggest rhi functions upstream of Ago3 and Aub,

but may have a less critical role in Piwi-dependent processes.

piRNA Expression Is Ablated for Most Transposon
Families in rhino Mutants
To determine whether Rhi is required for piRNA expression,

we sequenced small RNAs from control and rhi mutant

ovaries. Unlike miRNAs, piRNAs carry 20 methoxy, 30 hydroxy

termini that render them resistant to oxidation and stabilize these

RNAs in vivo (Vagin et al., 2006). To enrich for piRNAs and

increase effective sequencing depth, we oxidized RNA samples

prior to library construction and sequencing and normalized the

data to surviving noncoding RNA fragments (Ghildiyal et al.,

2008; Seitz et al., 2008) (see Table S3 for sequencing statistics).

These studies indicate that rhi mutations reduce total piRNA

abundance by approximately 80% (Figures 4A and 4B). Northern

blotting for specific piRNAs and miRNAs support these findings

(Figure S5). Defects in 30 modification destabilize piRNAs and

would lead to preferential loss of piRNAs in oxidized samples.

We therefore deep sequenced unoxidized RNAs and normalized

piRNA abundance to miRNAs. These studies confirm that rhi

mutations reduce piRNA abundance by 80%, and indicate that

this reduction does not result from a defect in end modification

(data not shown).
C

The majority of Drosophila piRNAs are derived from transpo-

sons and other repeated elements (Aravin et al., 2003; Brennecke

et al., 2007). We analyzed the impact of rhi mutations on piRNA

expression from 95 families with at least 500 matching reads in

control samples (Table S3) (Li et al., 2009). rhi mutations lead

to a 50% or greater reduction in antisense piRNA abundance

for 83% of these transposon families, and a 98% reduction in

antisense piRNAs for approximately 30% of these elements

(Figure S7). For 66 of 95 families, both sense and antisense

piRNAs are reduced. For example, rhi mutations nearly eliminate

sense and antisense piRNAs from the telomeric transposon

HeT-A (Figure 5A). Eight transposon families continue to express

at least 50% of wild-type sense strand piRNAs but show an 80%

or greater reduction in antisense piRNAs. The jockey element falls

into this class. Mutations in rhi reduce sense strand piRNAs linked

to jockey by only 10%, but antisense strand piRNAs are reduced

by 95% (Figure 4B, jockey). For all of the transposon families that

show reduced antisense piRNAs, including those that retain

sense strand piRNAs, there is a clear reduction in opposite strand

piRNAs that overlap by 10 nt, consistent with defects in ping-

pong amplification (Figures 5Ac and 5Bc). A comparison of the

p values for the 10 nt overlap bias across all transposon families

confirms that the loss of ping-pong pairs in rhi is very highly signif-

icant (Figure S6, p = 3e-10). The loss of species that overlap by

10nt is also clear from an analysis of total piRNAs (Figures 4C

and 4D). The rhi mutations thus lead to a near collapse of the

ping-pong cycle amplification cycle.

Only 10 of 95 transposon families continue to express anti-

sense piRNAs at or above 75% of wild-type levels in rhi mutants
ell 138, 1137–1149, September 18, 2009 ª2009 Elsevier Inc. 1141
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Figure 4. piRNA Production in rhi Mutants

(A) Length histogram of piRNAs expressed in wild-type ovaries.

(B) Length histogram of piRNAs produced in rhi mutants. Sense and antisense piRNAs are reduced by approximately 80%, and peak length shifts from 25 nt

to 26 nt.

(C) Histogram of overlapping sense and antisense piRNA in wild-type ovaries, showing a pronounced peak at 10 nt, characteristic of ping-pong amplification.

(D) Histogram of overlapping sense and antisense piRNA in rhi mutant ovaries. The 10 nt peak is nearly eliminated, suggesting a breakdown in the ping-pong

amplification cycle.
(blood, mdg-1, Tabor, Stalker, Stalker 2, Stalker3, Stalker4, 412,

297, gypsy 5; Table S4). Eight of these families (blood, mdg-1,

Tabor, Stalker, Stalker 2, Stalker3, Stalker4, 412) also show an

increase in sense strand piRNAs (Figures 5Ca and S8). The

sense strand piRNAs generally map to the same regions as

peaks of antisense piRNAs (Figure 5Ca, blood; Figure S8). This

pattern could indicate that antisense strand piRNA direct

production of the sense strand piRNAs. Alternatively, specific

regions within full-length elements or fragments of elements

that lie within specific clusters may be preferentially utilized

during piRNA production. The available data cannot distinguish

between these alternatives.

An analysis of piRNAs encoded by the ten transposon families

that show Rhi-independent piRNA production revealed three

patterns with respect to overlapping sense and antisense

species. The overlapping piRNAs encoded by Stalker3 did not

show a statistically significant (p > 0.001) 10 nt overlap bias in

either wild-type or rhi mutants, indicating that their production

is independent of ping-pong amplification. However, six families

showed a statistically significant 10 nt overlap peak in both wild-

type and rhi mutants, indicating that at least some of the piRNAs

are produced by a ping-pong cycle that is independent of Rhi

(Tabor, Stalker, Stalker 2, Stalker4, 412, 297; Figure S8). The final

class of elements includes blood, mdg1, and gypsy5, which
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show a statistically significant ping-pong peak in wild-type, but

loose the 10 nt overlap bias in rhi mutants (Figure 5Cc, blood;

Figure S8). For this class, Rhi thus appears to promote produc-

tion of only a subset of piRNAs through ping-pong amplification.

Intriguingly, rhi leads to a 10-fold increase in blood expression,

suggesting the minor ping-pong pool of piRNAs may be critical

to transposon silencing (Figure S9).

Overlapping ping-pong pairs show transposon family-specific

nucleotide biases at positions 1 and 10 that appear to reflect the

specific PIWI proteins that participate in the amplification cycle

(Brennecke et al., 2007; Gunawardane et al., 2007). For example,

elements for which sense strand piRNAs are primarily bound by

Ago3 and antisense strand piRNAs are primarily bound by Aub,

show an A bias at position 10 of the sense strand and a U bias at

position 1 of the antisense strand (Brennecke et al., 2007; Guna-

wardane et al., 2007). Families that retain a statistically signifi-

cant ping-pong peak generally retain the pattern of nucleotide

bias observed in the wild-type (Figure S8), suggesting that rhi

reduces the efficiency of the ping-pong amplification but does

not alter the specific PIWI proteins that participate in the cycle.

Antisense piRNAs can base pair with target RNAs and guide

cleavage by PIWI proteins and are therefore presumed to be

the effectors of transposon silencing. To determine whether

loss of antisense piRNAs in rhi mutants correlates with loss of
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Figure 5. Transposon-Specific Changes in piRNA Abun-

dance

(A) Sense and antisense piRNA reads mapping to the consensus

Het-A sequence (Aa), length histograms for all HetA piRNAs

(Ab), and frequency distribution of overlapping HetA piRNA (Ac).

(B) Sense and antisense piRNAs reads mapping to the consensus

jockey sequence (Ba), length histograms for all jockey piRNAs

(Bb), and frequency distribution of overlapping jockey piRNAs (Bc).

(C) Sense and antisense piRNA reads mapping to the consensus

blood sequence (Ca), length histograms for all blood piRNAs

(Cb), and frequency distribution of overlapping blood piRNA (Cc).

For the majority of transposons, including HetA, rhi mutations

dramatically reduce sense and antisense piRNAs and nearly elim-

inate piRNA that overlap by 10 nt. For a subset of elements, repre-

sented by jockey, rhi leads to a loss of antisense piRNAs but no

significant reduction in sense strand piRNAs. A very limited

number of transposons, including blood, show no change or an

increase in sense strand piRNAs in rhi mutants. Mutations in rhi

reduce piRNAs with a 10 nt overlap, even for elements that show

an increase in piRNAs from opposite strands (Cc, blood). In (Ac),

(Bc) and (Cc), A statistically significant 10 nt bias is indicated by

a red bar. This is characteristic of the ping-pong amplification

cycle.
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silencing, we plotted the fold change in transposon expression

(rhi/wt) against the fold-change in antisense piRNAs (Figure S9).

All of the transposon families that increased in expression by

20-fold or greater in rhi mutants also showed a 75% or greater

reduction in antisense piRNA abundance. In addition, none of

the families that retained antisense piRNA expression at 80%

or higher levels were significantly overexpressed (FRD < 0.02;

Figure S9). However, many transposon families that show

a reduction in antisense piRNAs abundance of over 10-fold did

not show a statistically significant increase in expression

(Figure S9). These elements may be silenced by a piRNA

independent mechanism. Alternatively, piRNAs linked to these

elements could silence these elements, perhaps by inhibiting

translation, without altering target transcript stability.

piRNA Clusters
The majority of piRNAs match transposons that are present in

multiple copies in the genome and cannot be uniquely mapped.

However, piRNAs encoded by polymorphic transposons, diver-

gent transposon fragments, or other unique sequences can

be mapped. Chromosome profiles of these ‘‘unique mappers’’

reveal dispersed piRNA peaks in the euchromatic chromosome

arms and a limited number of prominent pericentromeric and

subtelomeric clusters, which appear to be the source of the

majority of piRNAs (Brennecke et al., 2007). rhi mutations essen-

tially eliminate piRNAs mapping to pericentromeric heterochro-

matin on all of the autosomes (Figures S10 and 6). By contrast,

piRNAs mapping to the pericentromeric region on the X are re-

tained (Figures S10 and 6).

Most heterochromatic clusters produce piRNAs from both the

plus and minus genomic strands (dual-strand clusters), but two

major pericentromeric clusters on the X chromosome produce

piRNA almost exclusively from one strand (uni-strand clusters)

(Brennecke et al., 2007). We find that rhi reduces by 30- to

50-fold piRNAs from both strands of the top 11 dual-strand

clusters (Figure S11, blue bars). For example, piRNA production

from cluster 1/42AB, which is estimated to produce up to 30%

of all piRNAs (Brennecke et al., 2007), is reduced by over 97%

(Figures 6A–6C). In striking contrast, piRNAs encoded by the

uni-strand clusters are only minimally impacted by rhi (Fig-

ure S11, red bars). As shown in Figures 6B and 6D, piRNAs

from cluster 2 are derived almost exclusively from one strand,

and production of these piRNAs is nearly unchanged in rhi

mutants (Figures 6B and 6D). This does not appear to reflect

expression of cluster 2 piRNAs exclusively in the somatic follicle

cells, since Ago3 is germline specific and ago3 mutations reduce

piRNAs linked to this locus by close to 20-fold (Figure S12). In

addition, unique piRNAs mapping to this cluster immunoprecip-

itate with the germline specific PIWI proteins Aub and Ago3

(Figure S12). Both dual-strand and uni-strand clusters thus

appear to be expressed in the germline, but rhi mutations only

disrupt piRNA production by the dual-strand clusters. Consis-

tent with these findings, nine of the ten transposon families

that continue to express high levels of antisense piRNAs in rhi

(75% of wild-type or greater) have insertions in one or both of

the major uni-strand clusters (Table S5).

To determine whether Rhino protein associates with clusters,

we performed chromatin immunoprecipitation (ChIP) using anti-
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GFP antibodies and flies expressing a functional Rhino-GFP

transgene specifically in the germline. To control for nonspecific

binding, precipitation was performed using nonimmune IgG on

chromatin from ovaries expressing the GFP-rhino transgene.

Additionally, anti-GFP antibodies were used on chromatin iso-

lated from wild-type flies that do not express the GFP fusion.

Quantitiative PCR (qPCR) assays showed only background

signal in both of these control reactions (data not shown). The

anti-GFP fractions were assayed for three regions of cluster

1/42AB, two regions of cluster 2, two regions in the heterochro-

matic protein coding genes jing and pld that flank the 42A/B

cluster, and the euchromatic protein coding genes rp49 and ry

(Figure 6G). GFP-Rhi binding, measured as a fraction of input

chromatin, was enriched at all three sites in the dual-strand

cluster relative to the euchromatic protein coding genes

(Figure 6F). By contrast, the two sites in uni-strand cluster 2

showed no enrichment relative to rp49 or ry controls (Figure 6F).

Regions in the two heterochromatic genes immediately flanking

the 42A/B cluster showed binding that was 3- to 4-fold lower

than the peak region in the cluster (1A) and appoximately

3-fold higher than binding to euchromatic genes. Rhino thus

appears to be enriched at dual-strand heterochromatic clusters

and may spread somewhat beyond the computationally defined

limits of these clusters.

Cluster Transcription
The piRNA clusters are proposed to produce long precursor

RNAs that are processed to form primary piRNAs, which in

turn trigger the ping-pong amplification cycle by targeting sense

strand transposon transcripts. To determine whether Rhino is

required for RNA production by clusters, we used quantitative

reverse transcriptase (RT)-PCR to assay RNAs derived from

both strands of cluster 1/42AB, cluster 2, and flam. Reactions

without RT produced no significant signal, and the low level of

signal obtained in the absence of the strand specific RT primers

was subtracted from the signal obtained with the strand specific

primers. Consistent with production of piRNAs from both

genomic strands, we detected longer RNAs from both strands

at two independent locations in cluster 1/42AB (Figure 6E, blue

bars). Significantly, RNAs from both strands were nearly elimi-

nated in rhi homozygous mutants (Figure 6E, red bars). At cluster

1 and flam, which produce piRNA almost exclusively form the

plus strand (Figure 6D) (Brennecke et al., 2007), RT-PCR

detected RNA from only the plus strands (Figure 6F, blue bars).

In striking contrast to cluster 1/42AB, rhi mutations led to a slight

increase in plus strand transcript from cluster 2 and only a

modest decrease in plus strand RNA from flam. These observa-

tions suggest that Rhino promotes production of precursor

RNAs from dual-strand cluster 1/42AB, and possibly all dual-

strand clusters.

Brennecke et al. (2007) proposed that antisense piRNAs

derived from the clusters initiate ping-pong amplification by

cleaving sense strand transcripts from target transposons.

However, unique piRNAs derived from opposite strands of

cluster1/42AB show a strong 10 nt overlap bias (Figure S13),

indicating that they are produced by ping-pong processing of

precursor RNAs derived from the cluster. Antisense piRNAs

derived through cluster based ping-pong amplification thus
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Figure 6. Rhino Is Required for piRNA Production by Dual-Strand Heterochromatic Clusters

(A and B) Chromosome 2R and X density profiles of uniquely mapping plus (blue) and minus (red) strand piRNAs in wild-type and rhi mutants. piRNAs map to

dispersed loci on the chromosome arms and prominent heterochromatic clusters. Pericentromeric piRNAs from chromosome 2R (A), and all other autosomes

(Figure S10) are dramatically reduced in rhi mutants. Pericentromeric piRNAs on the X chromosome show relatively little change.

(C and D) Higher-resolution maps of clusters 1 and 2, which map to the indicated regions on 2R and X, respectively. Mutations in rhi nearly eliminated piRNAs

encoded by cluster 1, which is the major dual-strand cluster, but have little impact on piRNAs from cluster 2, which is the major uni-strand cluster.

(E and F) Quantitative strand-specific RT-PCR for RNA derived from dual-strand cluster 1 (E) and uni-strand clusters 2 and flam (F). In wild-type ovaries, RNA is

detected from both the plus (+) and minus (�) strands of cluster 1, at two independent locations (F, cl1-A and cl1-32, blue bars). RNAs from both strands of

cluster 1 are dramatically reduced in rhi mutants (red bars). Significant levels of RNA are only detected from the plus strand of cluster 2 and flam (F, blue

bars), and rhi does not block expression of these RNAs (F, red bars).

(G) Chromatin immunoprecipitation/quantitative PCR analysis of Rhino binding to cluster 1/42AB, the euchromatic genes rp49 and ry, and the heterochromatic

genes pld and jing, which flank cluser 1. Rhino protein is highly enriched at cluster 1 relative to cluster 2 and the euchromatic genes. The protein-coding genes

flanking cluster 1 show intermediate levels of binding, suggesting that Rhino may spread to regions flanking the dual-strand clusters. Anti-GFP antibodies were

used to precipitate Rhino-GFP from crosslinked ovary chromatin fractions.

The approximate positions of the qPCR primer pairs used in ChIP and RT-PCR reactions are indicated by the red bars in (C) and (D). The pink bar in (C) indicates

the approximate position of an additional primer pair used in RT-PCR.
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Figure 7. Model for Rhino-Dependent

Transposon Silencing

Step 1 (black arrows): Rhino binds to dual-strand

clusters and promotes production of RNAs from

both genomic strands (1a), which are exported

from the nucleus (1b) and processed into piRNAs

by a ping-pong cycle driven by Ago3 (pink

hexagon) and Aub (yellow hexagon), localized to

the perinuclear nuage (1c).

Step 2 (red arrows): Transposons carrying piRNA

homology are transcribed (2a), exported from the

nucleus (2b), and degraded as they encounter

the ‘‘ping-pong surveillance machine’’ within the

nuage (2c).

Step 3 (green arrows): Protein-coding genes with

intronic transposon insertions are spliced, which

removes piRNA homology (3a). These transcripts

are exported from the nucleus (3b) escape recogni-

tion by the surveillance system, and are translated

(3c). Sequences matching piRNAs are indicated by

blue. Other transcribed regions are in orange.
appear to target sense strand RNAs derived from functional

transposons located throughout the genome.

DISCUSSION

piRNAs encoded by transposon-rich heterochromatic clusters

have been proposed to initiate a ping-pong cycle that amplifies

the piRNA pool and mediates transposon silencing (Brennecke

et al., 2007; Lin, 2007; O’Donnell and Boeke, 2007). However,

the mechanisms of piRNA biogenesis and silencing are not

well understood, and it is unclear how the piRNA clusters are

differentiated from other chromatin domains. We show that the

HP1 homolog Rhino is required for production of piRNAs from

dual-strand clusters and associates with the major 42AB cluster

by ChIP. Significantly, we also identify putative piRNA precursor

RNAs from both strands of the 42AB cluster and show that

Rhino is required for production of these RNAs. These findings

lead us to propose that Rhi binding promotes transcription of

dual-strand clusters, and that the resulting RNAs are processed

to form primary piRNAs that drive the ping-pong amplification

cycle and transposon silencing (Figure 7, black pathway).

While Rhino protein appears to be restricted to germline nuclei,

rhi mutations disrupt perinuclear localization of Ago3 and Aub

(Figure 3), which catalyze the ping-pong amplification cycle (Li

et al., 2009). Mutations in krimper, which encodes a component

of the perinuclear nuage, also disrupt transposon silencing and

piRNA production (Lim and Kai, 2007). piRNA silencing and

nuage assembly thus appear to be codependent processes.

These observations, with our finding that protein coding genes

carrying piRNA homology within introns escape silencing by the

piRNA pathway (Figure 2A), suggest that transcripts are scanned

for piRNA homology within the nuage, after splicing and nuclear

export. Mature protein coding mRNAs thus pass through the

nuage and are translated because piRNA homology has been

removed by splicing. By contrast, mature transposon transcripts

carry piRNA complementarity are recognized by the perinuclear

ping-pong machine, leading to destruction. Interestingly, muta-

tions in the mouse maelstrom gene disrupt nuage and lead to
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male sterility and significant overexpression of LINE-1 elements

(Soper et al., 2008). Nuage may therefore have a conserved func-

tion in transposon RNA surveillance and silencing.

In S. pombe, siRNAs bound to Ago1 appear to recruit HP1

to centromeres through interactions with nascent transcripts,

thus triggering heterochromatin assembly and transcriptional

silencing. Our data indicate that the HP1 homolog Rhino is

required for transposon silencing, but this process appears to

be mechanistically distinct from centromeric heterochromatin

silencing in yeast. For example, localization of the Rhino HP1

homolog to nuclear foci is independent of piRNA production,

and Rhino binding appears to promote transcription of heter-

chromatic clusters. This in turn generates piRNAs that may direct

silencing through posttranscriptional target cleavage. However,

piRNAs bound to PIWI proteins have been implicated in hetero-

chromatin assembly in somatic cells, and this process could be

related evolutionarily to heterochromatin assembly in fission

yeast.

Intriguingly, rhi is a rapidly evolving gene, and all three Rhi

protein domains (chromo, chromo shadow, and hinge) show

evidence of strong positive selection (Vermaak et al., 2005). On

the basis of these observations, Vermaak et al. (2005) proposed

that rhino is involved in a genetic conflict within the germline. The

observations reported here suggest that the conflict between

transposon propagation and maintenance of germline DNA

integrity drives rhi evolution, and that the heterochromatic

dual-strand clusters have a key role in this battle. Rhino appears

to define heterochromatic domains that produce transposon

silencing piRNAs. Rhino could therefore have evolved to bind

transposon integration proteins, which would promote transpo-

sition into clusters and production of trans-silencing piRNAs. In

this model, the transposon integration machinery would evolve

to escape Rhino binding and silencing. The rapid pace of rhino

evolution makes identification of homologs in other species diffi-

cult (Vermaak et al., 2005), but the conserved role for piRNAs in

germline development suggests that HP1 variants may have crit-

ical roles in the conflict between selfish elements and genome

integrity in other species, including humans.



EXPERIMENTAL PROCEDURES

Drosophila Stocks

All animals were raised at 25�C. Oregon R, w1118 and cn1; ry506 were used as

controls, as noted. The following alleles were used: mnkP6 (Brodsky et al.,

2004; Takada et al., 2003); rhiKG00910 (rhiKG) and rhi02086 (rhi2) (Volpe et al.,

2001); armi72.1 and armi1 (Cook et al., 2004); mei41D3, (Hari et al., 1995; Hawley

and Tartof, 1983); and P[lacW]mei-W68K05603, mei-W681 (McKim and Hayashi-

Hagihara, 1998). The mnkP6 allele was kindly provided by M. Brodsky (Brodsky

et al., 2004). All other stocks were obtained from the Bloomington Stock

Center, Bloomington, Indiana (http://flystocks.bio.indiana.edu/). Standard

genetic procedures were used to generate double mutant combinations.

Immunohistochemistry

Antibody production is described in the Supplemental Experimental Proce-

dures. Egg chamber fixation and whole-mount antibody labeling were per-

formed as previously described (Theurkauf, 1994). Vas protein was labeled

with rabbit polyclonal anti-Vas antibody (Liang et al., 1994) at 1:1000. Gurken

protein was labeled with mouse monoclonal anti-Gurken antibody (obtained

from the Developmental Studies Hybridoma Bank, University of Iowa) at

1:10. Rhi protein was labeled with a guinea pig polyclonal anti-Rhi antiserum

developed by our group (see above) at 1:2000. Piwi, Aub, and Ago3 were

labeled with rabbit polyclonal anti-Piwi, anti-Aub and anti-Ago3 antibodies

developed for this study (see above) at 1:1000. Antibody against g-H2Av

was kindly provided by K. McKim (Gong et al., 2005) and egg chambers

were labeled as described previously (Belmont et al., 1989). CID was labeled

with an affinity-purified chicken anti-CID antibody provided by G. Karpen at

1:100 (Blower and Karpen, 2001). HOAP was labeled with a polyclonal rabbit

anti-Hoap antibody generated by our group (see above) at 1:1000. Rhoda-

mine-conjugated phalloidin (Molecular Probes) was used at 1:100 to stain

F-Actin, and TOTO3 (Molecular Probes) was used at 1:500 (0.2 mM final

concentration) to visualize DNA.

Labeled tissue was mounted and analyzed with a Leica TCS-SP inverted

laser-scanning microscope as described previously (Cha et al., 2001).

GFP-Rhino Transgene

The GFP-Rhi transgene was generated by recombining the Rhi-DONR (see

above) construct with a modified pCasper vector containing the GFP

sequence and Gateway cloning cassette B (Invitrogen). The resulting vector

contained GFP fused in frame to the N terminus of Rhino under the control

of the Gal4 promoter. Transgenic animals were generated using standard

embryo microinjection techniques at Genetic Services.

RNA Isolation and Tiling Array Hybridization

Total RNA from was isolated from manually dissected ovaries from 2- to 4-day-

old flies with RNeasy (QIAGEN) according to the manufacturer’s instructions.

The RNA was quantified by absorbance at 260 nm. Three independent RNA

isolates from each genotype was then assayed as follows: Double-stranded

cDNA was prepared with the GeneChip WT Amplified Double-Stranded

cDNA Synthesis Kit (Affymetrix). DNA was labeled with the GeneChip WT

Double-Stranded DNA Terminal Labeling Kit (Affymetrix). Labeled DNA was

hybridized to GeneChip Drosophila Tiling 2.0R Arrays (Affymetrix) with the

GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) at the University of

Massachusetts Medical School genomic core facility.

To determine whether genetic background or DNA damage significantly

alters gene or transposon expression, we assayed ovarian RNA isolated

from two common laboratory strains (w-1118 and cn,bw), the meiotic repair

mutant okra, the DNA damage signaling mutant mnk, and mnk;okra double

mutants. Pairwise comparisons show little difference in genome wide patterns

of gene or transposon expression in any of these five strains (Figure S12). The

background for the rhi heteroallelic combination used here is cn/+; ry/+, which

is genetically wild-type. Since the armi allelic combination used here is in

a homozygous w-1118 background, this genotype was used a control in our

array studies.

The tiling array data discussed in this publication have been deposited in

NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are accessible
through GEO Series accession number GSE14370 (http://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE14370).

Small RNA isolation, oxidation, and sequencing were performed as

described elsewhere (Li et al., 2009). Bioinformatics methods, chromatin

immunoprecipitation and strand specific RT-PCR procedures are described

in the Supplemental Experimental Procedures.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, 14

figures, and six tables and can be found with this article online at http://

www.cell.com/supplemental/S0092-8674(09)00853-8.
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