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Results: We investigated the silencing of testis-expressed Stellate genes
by paralogous Su(Ste) tandem repeats, which are known to be involved Received: 15 January 2001
in the maintenance of male fertility in Drosophila melanogaster. We found Revised: 1 May 2001

Accepted: 8 May 2001that both strands of repressor Su(Ste) repeats are transcribed, producing
sense and antisense RNA. The Stellate silencing is associated with the

Published: 10 July 2001presence of short Su(Ste) RNAs. Cotransfection experiments revealed
that Su(Ste) dsRNA can target and eliminate Stellate transcripts in

Current Biology 2001, 11:1017–1027Drosophila cell culture. The short fragment of Stellate gene that is
homologous to Su(Ste) was shown to be sufficient to confer Su(Ste)- 0960-9822/01/$ – see front matter
dependent silencing of a reporter construct in testes. We demonstrated that  2001 Elsevier Science Ltd. All rights reserved.
Su(Ste) dsRNA-mediated silencing affects not only Stellate expression but
also the level of sense Su(Ste) RNA providing a negative autogenous
regulation of Su(Ste) expression. Mutation in the spindle-E gene relieving
Stellate silencing also leads to a derepression of the other genomic tandem
repeats and retrotransposons in the germline.

Conclusions: Homology-dependent gene silencing was shown to be used
to inhibit Stellate gene expression in the D. melanogaster germline,
ensuring male fertility. dsRNA-mediated silencing may provide a basis for
negative autogenous control of gene expression. The related surveillance
system is implicated to control expression of retrotransposons in the
germline.

Background for dsRNA-mediated silencing have been identified [12,
13]. Some of these mutants show activation of differentRNA interference (RNAi) refers to sequence-specific in-
DNA transposons and cause a relief of transgenic repeathibition of gene function by its homologous double-
cosuppression in the germline [12–14]. The activation ofstranded RNA (dsRNA). This phenomenon has been ob-
DNA transposon and a retrotransposon was also observedserved in a wide range of eukaryotic organisms, including
in a Chlamydomonasmutant impaired in PTGS [15]. Theseprotozoa, C. elegans, D. melanogaster, and vertebrates [1–4].
results and numerous studies in plants strongly implicateThe homology-dependent posttranscriptional gene si-
the biological role of dsRNA-mediated silencing as alencing (PTGS) caused by the introduction of transgenes
transposon-repression and antiviral mechanism [6, 16].was first observed in plants and later described in fungi

(reviewed in [5]). Studies in plants suggest that PTGS
may be mediated by dsRNA corresponding to transcribed Here, we report that Drosophila tandemly repetitive genes
regions of the gene [6–8]. The species of small 21–25 nt might be naturally regulated by homology-dependent si-
sense and antisense RNA corresponding to silenced genes lencing mediated by dsRNA. We studied an interaction
were discovered and supposed as a component of degrada- of Stellate (Ste) and Suppressor of Stellate (Su[Ste]) repeats
tion machinery in PTGS in plants and RNAi in D. melano- in the D. melanogaster genome. The paralogous testis-
gaster and C. elegans [7, 9–11]. In C. elegans, the screen of expressed Ste and Su(Ste) tandem repeats are localized in

the D. melanogaster genome on the X and Y chromosomes,RNAi-deficient mutants was done, and genes required
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Figure 1

The structure of Ste genes and Su(Ste)
repeats and the rationale for RT-PCR
analysis of Su(Ste) RNA. The 1.2 kb Ste repeat
unit contains an open reading frame with two
introns and an intergenic spacer [20]. The
closely homologous 2.8 kb Su(Ste) unit
contains an additional Y-specific sequence
(hatched) and the hoppel transposon
insertion [18]. The Ste-like region of Su(Ste)
repeats includes the promoter region and
heavily damaged open reading frame with
90% nucleotide identity with the Ste ORF.
A part of the sequenced genomic Su(Ste)
repeats has a 23 bp deletion in the Y-specific
region (triangle) [18]. In wild-type males,
approximately an equal number of Su(Ste)
repeats with and without a deletion are
presented, while repeats without a deletion followed by PCR amplification with the preparation (see Figure 2c). Positions of the
mainly remained in the cry1Y chromosome. The Su(Ste)-specific primer pair PD1/PR1 start sites of antisense Su(Ste) transcripts,
polyadenylated sense Su(Ste) transcripts flanking intron 2 to distinguish spliced and according to primer extension analysis and
were revealed as a result of the screening of nonprocessed Su(Ste) transcripts. RT-PCR 5�-RACE experiments, are shown by arrows
the testes cDNA library [24]. The bar under with the primer pair PD1/PR2 was used to in the hoppel body. These start sites are
the diagram indicates a probe used for test the presence of the hoppel sequences spaced by 173 nt (primer extension mapping)
Northern blot analysis. Reverse transcription in antisense Su(Ste) RNA. The PD2/PR3 or by 48 and 441 nt (5�-RACE mapping) from
using oligo-dT (dT)-, sense (RTA)-, or primer pair was used for the detection of the beginning of the left inverted repeat of
antisense (RTS)-specific primers was Su(Ste) dsRNA in RNaseOne-treated hoppel.

respectively [17–19]. The ORF of the all-sequenced Stel- dependent RNAi-related mechanism of Stellate silencing
caused by Su(Ste) repeats. We also show that mutation-late repeats were shown to be maintained by selective

pressure [19] and encode protein with a striking homology relieving Su(Ste)-dependent silencing of Stellate leads to
derepression of LTR and non-LTR retrotransposons asto the � subunit of protein kinase CK2 [20, 21]. Moreover,

in vitro experiments have shown that Stellate-encoded well as other genomic tandem repeats in the germline.
protein can interact with the catalytic � subunit of the
CK2 enzyme, altering its activity [21]. The hyperexpres- Results

Both strands of Su(Ste) repeats are transcribed,sion of Stellate genes is thought to be suppressed by the
producing sense and antisense RNAhomologous Su(Ste) tandem repeats [18, 20, 22]. Deletion
To test whether both strands of Su(Ste) repeats are tran-of the bulk of Su(Ste) repeats localized in the crystal locus
scribed, we used strand-specific RT-PCR and Northernof the Y chromosome (cry1Y chromosome) results in hyper-
analysis. Figure 1 shows the rationale for RT-PCR analy-expression of Stellate in testes and causes meiotic abnor-
sis. Specific primers were designed to provide strand-malities and accumulation of crystalline aggregates con-
specific reverse transcription of the Su(Ste)RNA, followedtaining Stellate-encoded protein in primary spermatocytes
by PCR using primer pairs flanking intron 2 to distinguish[21, 22]. In fly strains containing a high copy number of
the spliced and nonprocessed transcripts. Both unpro-Ste repeats, their hyperexpression, due to the deletion of
cessed antisense Su(Ste) transcripts as well as spliced, andSu(Ste) repeats, caused male sterility [17]. Su(Ste) repeats
vestiges of nonspliced, sense Su(Ste) transcripts were de-have an Ste-like region with about 90% nucleotide identity
tected in the testes of males carrying a normal Y chromo-to the Stellate genes in a promoter and coding region
some (Figure 2a). Two types of genomic Su(Ste) repeatswith randomly positioned nucleotide substitutions. Each
differing by a 23 bp deletion [18] in an amplified regionSu(Ste) repeat unit also contains a Y-specific region with
produce antisense as well as sense transcripts. A reverseno sequence similarity to Stellate genes and a 1360 (hoppel)
transcription reaction using oligo-dT primer resulted intransposon insertion (Figure 1) [18, 23]. In contrast to
the same PCR products, with a great predominance ofStellate genes, all sequenced Su(Ste) repeats have damaged
the spliced form, as was revealed with the sense-specificopen reading frames and are considerably more diverged,
primer. This result suggests that antisense Su(Ste) tran-suggesting the absence of selective pressure to sustain
scripts failed to enter into an RT reaction with the oligo-coding capacity [18, 23]. Sense Su(Ste) transcripts with
dT primer and belong to a nonpolyadenylated RNAthe site of polyadenylation located in a Y-specific region
fraction.upstream of hoppel transposon insertion have been re-

vealed as a result of testes cDNA library screening [24].
Northern blot analysis with the Su(Ste) strand-specific
probe revealed antisense transcripts with an average sizeHere, we present strong evidence in favor of a homology-
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Figure 2 of 3 kb that correspond to about one Su(Ste)-repeating unit
(Figure 2b). The observed size heterogeneity of antisense
Su(Ste) transcripts may be due to imprecise starts and/or
terminations of transcription. Using a primer correspond-
ing to the hoppel transposon sequence, we revealed that, in
contrast to sense transcripts, antisense Su(Ste) transcripts
include hoppel transposon sequences (data not shown).
The presence of hoppel sequences in antisense Su(Ste)
transcripts indicates that the hoppel transposon might be
responsible for the initiation of antisense Su(Ste) transcrip-
tion. Mapping of the 5� end of the antisense Su(Ste) tran-
scripts using primer extension and 5�-RACE experiments
indicates that antisense transcription starts in different
sites of the hoppel transposon body (Figure 1).

The RT-PCR, Northern blot analysis, primer extension,
and 5�-RACE experiments provide compelling evidence
for the existence of antisense Su(Ste) transcripts starting
in the hoppel transposon and extending through the Y-spe-
cific sequence into the region with a high sequence iden-
tity (90%) with the Ste genes.

Stellate silencing associates with the presence
of species of small homologous RNAs in testes
We tested the presence of Su(Ste) dsRNA in a total testes
RNA preparation using treatment by RNase One, which
degrades single-stranded RNA, followed by denaturation,
reverse transcription using random primers, and PCR am-
plification. A denaturation-dependent amplification sig-
nal in PCR with Su(Ste)-specific primers was obtained
using RNA isolated from normal males, but it was barely
detectable in cry1Y males with a deletion of Su(Ste) repeats
(data not shown). No amplification with adh- or rp49-
specific primers was observed, suggesting that no single-
stranded RNA remained after RNase One treatment. This
result indicates the presence of Su(Ste) dsRNA in the
sample. However, dsRNA might be formed as a result of
the annealing of sense and antisense strands during the
isolation procedure. The presence of endogenous dsRNA
in testes suggests that small RNAs that are derived from
the dsRNA by endonucleolytic cleavage are being pro-
duced [9, 10, 25, 26]. We tested the presence of small

The analysis of Su(Ste) transcripts. (a) RT-PCR of Su(Ste) transcripts.
not shown). (b) Northern analysis of antisense Su(Ste) transcripts.Total testes RNA isolated from wild-type males was used for reverse
Total RNA was isolated from embryos, females, testes, and malestranscription with oligo-dT (dT)-, sense (RTA)-, or antisense (RTS)-
with excised testes (carcasses). Heterogeneous antisense Su(Ste)specific primers followed by PCR using the Su(Ste)-specific primers
RNA with an average size of 3 kb is revealed in testes of the wild-PD1 and PR1. Amplification products generated from antisense
type and is practically absent in cry1Y males. Hybridization withSu(Ste) transcripts as well as spliced (S) and unspliced (NS) sense
ribosomal protein 49 (rp49) RNA probe was used as a gel-loadingtranscripts are indicated. Pairs of bands correspond to the transcription
control. (c) The detection of short Su(Ste) RNAs in testes. Total testesof genomic Su(Ste) repeats differing by a 23 bp deletion (see Figure
RNA isolated from wild-type (XY) males or males with a deletion of1). Both types of genomic repeats produced spliced (RT-PCR
the bulk of Su(Ste) repeats (Xcry1Y) was loaded on a 15% denaturatingproducts of 349 and 326 nt) and unspliced (RT-PCR products of
acrylamide gel, electroblotted to a membrane, and hybridized to408 and 385 nt) sense transcripts as well as unprocessed antisense
partially hydrolized P32-labeled sense or antisense Su(Ste) RNAtranscripts. Coamplification with Alcohol dehydrogenase (Adh)
corresponding to the Ste-like region. The hybridization signal is observedprimers was used to control RNA quantity. The absence of Adh
only in normal XY males. P32-labeled RNA oligonucleotides were usedamplification in reaction to Su(Ste)-specific RT primers confirms the
as size markers.specificity of reverse transcription reactions. No amplification is

revealed when reverse transcriptase is omitted (–RT controls, data
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Figure 3RNA species homologous to Stellate and Su(Ste) sequences
in the total testes RNA. Northern hybridization with sense
or antisense Su(Ste) RNA probes revealed the presence
of heterogeneoous 25–27 nt RNA species in the total
RNA isolated from normal males. No small RNAs were
detected in cry1Y males, suggesting that they are produced
from the Su(Ste) locus (Figure 2c). Therefore, as in the
cases of artificial RNAi [10, 11, 27] and cosuppression
in plants [7, 28], Stellate silencing is associated with the
presence of small homologous RNAs species, presumably
produced by Su(Ste) dsRNA cleavage.

The sequence similarity between Stellate
and Su(Ste) transcripts is sufficient to
RNA interference in cell culture
To test the ability of Su(Ste) dsRNA to suppress Stellate
expression, we performed RNAi experiments in Drosoph-
ila cell culture. Schneider 2 cells were cotransfected with
the hsp70-Ste-lacZ reporter plasmid and the dsRNA corre-
sponding to Stellate or Su(Ste) repeats. The reporter con-
struct contains the bulk of Ste ORFs fused to the lacZ
gene (Figure 3a). The expression of the fused Ste-lacZ
construct was measured by the evaluation of �-galactosi-
dase activity after a heat shock. While Ste dsRNA com-
pletely abolishes �-galactosidase expression, cotransfec-
tion with Su(Ste) dsRNA leads to about an 8-fold decrease
of expression (Figure 3b). Thus, the extent of sequence
identity between Ste and Su(Ste) repeats is sufficient for
strong dsRNA-mediated silencing, although the strength

RNAi in Drosophila cell culture. (a) The reporter hsp70-Ste-lacZof silencing by Su(Ste) dsRNA is significantly lower com-
construct used in RNAi experiments. The hsp70 promoter drivespared to Ste dsRNA. Control experiments show that both
expression of the Ste ORF fused to lacZ. The bar under the diagram

Ste and Su(Ste) dsRNAs do not affect expression of the indicates a region of dsRNA used in RNAi experiments. (b) �-galac-
hsp70-lacZ construct carrying no Ste sequences. tosidase expression. Cotransfection with the hsp70-Ste-lacZ plasmid

and Ste dsRNA completely abolishes �-galactosidase expression,
while cotransfection with Su(Ste) dsRNA leads to about an 8-foldThe short fragment of Stellate gene confers
reduction of �-galactosidase activity.Su(Ste)-dependent silencing of the

Ste-lacZ reporter in testes
To reveal the size of a Stellate gene fragment that is suffi-
cient to induce Su(Ste)-dependent silencing, we used a

Su(Ste)-dependent silencing. The Su(Ste)-dependent si-set of transgene lacZ reporters driven by 5� Ste fragments
lencing of an intron-less construct suggested that the Ste/sharing homology to the Su(Ste) repeats (Figure 4a).
Su(Ste) interaction does not occur on the level of Ste tran-Transgenic flies carrying the Ste225-lacZ and Ste134-lacZ
script splicing, as had been proposed earlier [20].constructs demonstrate a drastic increase of �-galactosi-

dase expression in the testes of cry1Y males as compared
to XY males, thus demonstrating a strong response of Negative autogenous control of Su(Ste) expression
reporters to the elimination of Su(Ste) repeats (Figure The RT-PCR analysis revealed the presence of Su(Ste)
4a,b). The Su(Ste)-dependent silencing was observed in antisense transcripts in cry1Y males (Figure 5a), encoded
all tested transgenic stocks (six and four stocks carrying by the remnant Su(Ste) repeats untouched by the cry1Y
the Ste225-lacZ and Ste134-lacZ constructs, respectively), deletion. Both Northern blot (Figure 2b) and RT-PCR
independently of chromosomal localization of insertion. analysis (Figure 5a) show the drastic reduction of anti-
The 134 bp fragment of the Stellate gene in the Ste134- sense Su(Ste) RNA in cry1Y testes as compared to the wild-
lacZ construct that is sufficient for establishing the re- type ones. However, in contrast to antisense transcripts,
pressed state contains only a 102 bp sequence with 89%– a steady-state level of sense Su(Ste) transcripts is signifi-
94% nucleotide identity to Su(Ste) repeats including 33 bp cantly increased in cry1Y males, despite the deletion of
of 5�-transcribed sequence with Stellate ATG start codon the bulk of Su(Ste) repeats (Figure 5b). This observation
fused to the lacZ ORF. Thus, a short region of homology may be explained by the suggestion that the Ste/Su(Ste)

interaction is mediated by the Su(Ste) dsRNA that targetsto Su(Ste) repeats is shown to be sufficient to confer the
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Figure 4 both Stellate and sense Su(Ste) transcripts. Therefore, the
cry1Y deletion, causing a drastic decrease of the Su(Ste)
dsRNA level (Figure 2c), results in an increase of sense
Su(Ste) expression. Thus, dsRNA may be considered as
a negative autogenous regulator of sense Su(Ste) expres-
sion. It should be noted that a decrease in the dsRNA
level failed to cause an increase of antisense Su(Ste) tran-
scripts (see Discussion).

We revealed a weak expression of Su(Ste) repeats in heads
of adult flies (Figure 5c,d). Both sense and antisense
Su(Ste)RNA were detected in heads. As in testes, the level
of antisense transcripts in heads is drastically decreased in
cry1Y males (Figure 5c), while the level of sense transcripts
is increased (Figure 5d). This observation suggests that
the Ste/Su(Ste)-silencing mechanism also operates in so-
matic tissues.

aubergine and spindle-E mutations cause a relief
of Stellate and sense Su(Ste) silencing
Stellate derepression in the presence of the intact Su(Ste)
locus has been observed as a result of aubergine (aub)
and spindle-E (spn-E) mutations, also known as sting and
homeless, respectively [29, 30]. The AUBERGINE protein
has homologs involved in PTGS and RNAi in plants,
fungi, and animals [12, 31–33]. The spn-E gene encodes
a putative RNA helicase [34] that is also proposed as a
participant in dsRNA-mediated silencing [35].

We confirmed that a relief of Stellate silencing occurs as
a result of the spn-E1 mutation by studying the expression
of the Ste-lacZ reporter construct in the spn-E1/� and
spn-E1/spn-E1 males. The expression of �-galactosidase
in testes is greatly enhanced in spn-E1/spn-E1 males as
compared to the heterozygous ones (Figure 4c). The ef-
fects of the aubsting-1 and spn-E1 mutations on the level of
sense and antisense Su(Ste) transcripts were assessed.
Both mutations, when homozygous, have no effect on the
level of antisense Su(Ste) transcripts, but increase the level
of sense Su(Ste)RNA (Figure 5a,b). Thus, a common mech-
anism, assisted by the AUBERGINE and SPINDLE-E
proteins is operated in Su(Ste) dsRNA-mediated silencing
of Stellate and sense Su(Ste) expression. The effect of theThe expression of the Ste-lacZ reporters in testes of transgenic males.

(a) The reporter Ste-lacZ fusion constructs used for transformation. spn-E1 mutation is restricted to the germline, since no
Different 5� Ste fragments were fused to the lacZ ORF. The Ste225- increase in the level of sense Su(Ste) transcripts in the
lacZ construct comprises 225 bp of Ste sequence, including the heads of homozygous flies was observed (Figure 5d).first intron, but in the Ste134-lacZ construct, the Ste gene is truncated
just downstream of the ATG start codon. Several independent
transformant lines carrying insertions of the given construct in different spn-E mutation leads to derepression of retrotransposons
genomic sites were obtained by P-element-mediated transgenesis. and genomic tandem repeats in the germline
(b) X-gal staining of testes from transformants, carrying the intron- Several, but not all, C. elegans mutants that are resistant to
less Ste134-lacZ construct in the normal (XY) and Xcry1Y males. A dsRNA injection exhibit the mobilization of endogenousweak level of �-galactosidase expression, which is greatly increased

DNA transposons and derepression of repetitive trans-in testes of cry1Y males, is seen in germ cells of XY males. No
staining in somatic tissues was observed. (c) Expression of the Ste134- genes in the germline [12–14]. We compared the steady-
lacZ construct in spn-E1 flies. �-galactosidase activity is elevated in state level of polyadenylated transcripts of several trans-
the testes of homozygous, as compared to heterozygous, spn-E1 males. posable elements and nonmobile genomic tandem repeats

in hetero- and homozygous flies carrying the spn-E and
aub mutations. The LTR retrotransposons mdg1 and 1731
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Figure 5 Figure 6

The effects of aubsting-1 and spn-E1 mutations on the expression of
transposable elements and genomic tandem repeat in the germline.
Total RNA from hetero (�/�) and homozygous (�/�) flies was used
for reverse transcription with the oligo-dT primer, followed by PCR
using primer pairs specific to different repetitive elements. The
expression of the LTR retrotransposons (mdg1, 1731), non-LTR
retroposon F-element, and genomic germline-expressed noncoding
tandem repeats mst40, as well as the level of histone H3 and Alcohol
dehydrogenase (Adh) mRNA, is tested. The level of mobile element
transcripts and mst40 tandem repeats was greatly increased in both
the male and female germline of homozygous spn-E1 flies. In the case
of mdg1 transcripts, an additional band is observed in several cases,
corresponding to the damaged mdg1 copy(ies).

as well as the non-LTR F-element were chosen for analy-
sis. We also tested the expression of genomic germline-
expressed tandem repeats mst40 [36] and histone H3 tran-
scripts encoded by repeating units [37].

We detected no significant differences in the level of
histone H3 expression between the hetero- and homozy-
gous aubsting-1 flies in testes and ovaries (Figure 6). The
expression of 1731, mdg1, and F-element retrotransposons as

The effect of the Su(Ste) deletion and mutations in aub and spn-E well as mst40 tandem repeats was not affected by aubsting-1
on Su(Ste) expression. The RT-PCR procedure was performed as mutations in testes, but a moderate decrease of mdg1 andin Figure 2a. The oligo-dT primer and antisense-specific primer (RTS)

mst40 expression was detected in ovaries of aubsting-1/aubsting-1were used for reverse transcription of sense and antisense Su(Ste)
transcripts, respectively. (a) Antisense Su(Ste) expression in testes. flies, while the level of 1731 retrotransposon RNA was
Antisense Su(Ste) expression is reduced in cry1Y males. The slightly increased. On the whole, our results suggest that
genomic Su(Ste) repeats without the 23 bp deletion in the amplified the aubergine mutation failed to cause systemic activationregion remain predominantly in the cry1Y chromosome. The aubsting-1

and spn-E1 mutations have no effect on the level of antisense
transcripts. (b) Sense Su(Ste) expression in testes. The level of
sense Su(Ste) transcripts is increased in cry1Y males, despite the

is increased in the heads of cry1Y males. In contrast to testes, thedeletion of the bulk of Su(Ste) repeats. The aubsting-1 and spn-E1

level of sense transcripts is not affected by aubsting-1 and spn-E1
mutations lead to an increase in the level of sense Su(Ste) RNA, when

mutations.homozygous. (c) Antisense Su(Ste) expression in heads. (d) Sense
Su(Ste) expression in heads. The level of sense Su(Ste) transcripts
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of retrotransposons and genomic tandem repeats in the of the bulk of Su(Ste) repeats suggests that they are pro-
duced by the cleavage of Su(Ste) dsRNA. The size ofgermline.
small RNA species in the case of Stellate silencing (25–27

In contrast to aubsting-1, the levels of transcripts of all tested nt) is slightly longer then the size of 21–23 nt RNA pro-
duced in vitro by dsRNA cleavage in Drosophila embryoretrotransposons and mst40 tandem repeats were signifi-
extracts [9, 25], suggesting that small RNA-producing ma-cantly increased in both the male and female germline of
chinery may differ in some respect. It remains to be eluci-the spn-E1 homozygous flies (Figure 6). The similar effect
dated whether DICER or other protein(s) perform Su(Ste)of retrotransposons and mst40 activation was observed in
dsRNA processing in testes.the male and female germline. The most pronounced

effect was detected for the 1731 and mdg1 expression.
We showed that Su(Ste) dsRNA produces silencing of theCuriously, in ovaries of spn-E1 homozygous females, the
reporter hsp70-Ste-lacZ construct inDrosophila cell culture,level of mst40 transcripts was shown to be significantly
but Su(Ste) dsRNA with about 90% nucleotide identityhigher than in testes, althoughmst40 transcripts have been
to Stellate sequence causes a less profound suppressororiginally described as male specific [36]. In contrast to
effect than the Ste dsRNA. This observation is in agree-mst40 and Ste/Su(Ste) tandem repeats, the level of histone
ment with the previous studies that demonstrated thatH3 transcripts was unaffected in both the male and female
the potential of dsRNA to induce silencing drops withgermline. Thus, SPINDLE-E protein participates in the
a decrease in its sequence identity to a target, with aSte/Su(Ste) interaction as well as in the silencing of differ-
minimal threshold level of about 85% [11, 27]. Accord-ent retrotransposons and genomic tandem repeats in the
ingly, the expression of the Stellate-related gene �CK2tesgermline.
[39], sharing only 72% sequence identity to Su(Ste) re-
peats, is unaffected by the absence of Su(Ste) repeats inDiscussion
XO males [40].Stellate repeats are silenced by dsRNA generated

by the transcription of Su(Ste) repeats
The diverged repetitive X-linked Stellate and Y-linked The observation that the silencing of Stellate genes is
Su(Ste) gene clusters are involved in balanced interactions mediated by homologous Su(Ste) dsRNA suggests that
sustaining male fertility in D. melanogaster. Stellate hyper- the same mechanism might be directed to the Su(Ste)
expression, due to the absence of repressor Su(Ste) repeats, transcripts. Actually, we revealed that the transcription of
is known as a cause of male sterility [17, 20–22]. However, Su(Ste) repeats leads to a repression of their own sense
the mechanism of Su(Ste)-dependent silencing of Stellate expression. The level of sense Su(Ste) transcripts is in-
genes remains obscure. The presented results allow us to creased in spite of the deletion of the bulk of Su(Ste)
conclude that both sense and antisense transcription of copies, demonstrating a negative mode of autogenous reg-
Su(Ste) repeats lead to dsRNA formation that is involved ulation of gene expression. Usually, negative autogenous
in homologous silencing of Stellate genes. These results regulation occurs when the protein gene product regulates
provide the first direct demonstration that Drosophila transcription of a gene encoding this protein. In our case,
genes might be naturally regulated by homology-depen- negative autogenous regulation is operated by the produc-
dent silencing mediated by dsRNA. tion of the dsRNA that is supposed to be involved in the

elimination of sense transcripts. The loss of a number of
We detected Su(Ste) dsRNA and small 25–27 nt RNA Su(Ste) copies prevents the accumulation of dsRNA and
species homologous to Stellate and Su(Ste) sequences in provides the basis for an increase of sense expression.
total RNA preparation isolated from testes of normal, but Possibly, this mechanism of negative autogenous regula-
not cry1Y, males carrying a deletion of the bulk of Su(Ste) tion occurs more widely and might operate in the regula-
repeats. Thus, the presence of these RNAs is associated tion of a unique gene expression.
with silencing. The 21–25 nt small RNAs are generally
assumed to be a hallmark of dsRNA-mediated silencing The Ste/Su(Ste) interaction seems to be similar to the
[9–11, 25–27]. These RNAs have been proposed to guide cosuppression phenomenon in plants and C. elegans in
the endonucleolytic cleavage of a target mRNA bearing which silencing of both inserted transgenes and homolo-
a sequence complementary to that of the small RNAs in gous endogeneous genes has been observed [14]. Cosup-
RNAi in Drosophila [9–11] and C. elegans [27]. The small pression of homologous transgenes was also demonstrated
RNA species were also detected in the cases of silencing in Drosophila [41, 42]. However, in all of the described
caused by the introduction of artificial transgenes in plants cases, cosuppression has been caused by artificial gene
[7, 28, 38]. It is believed that small RNAs are produced manipulations. In contrast, the Ste/Su(Ste) interaction rep-
from dsRNA by endonucleolytic cleavage. Recently, resents the first case of a naturally occurring cosuppression
DICER, a protein that cleaves the dsRNA to 21–23 nt mechanism.
fragments, was identified in Drosophila [26]. The absence
of small RNAs in testes of cry1Y males carrying a deletion Previous studies suggest that RNAi can target sense as
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well as antisense RNA strands for degradation [11]. How- plicated in gene silencing and stem-cell maintenance in
plants, fungi, and animals were described, but the preciseever, we observed that only sense Su(Ste) expression was

upregulated in cry1Y males. At the same time, no increase biochemical function of these proteins is unknown [33].
The DICER protein containing the PAZ domain wasof antisense Su(Ste) expression was revealed due to cry1Y
shown to operate in the cleavage of dsRNA to 21–23 ntdeletion. Possibly, nonpolyadenylated antisense Su(Ste)
fragments in the Drosophila cell culture [26]. Spindle-Etranscripts are not exported from the nucleus, being less
encodes putative RNA helicase with the DExH domainaccessible for dsRNA-directed degradation machinery.
[34]. RNA helicase has been postulated as a component
of dsRNA-mediated silencing machinery that functionsUsing transgenic flies carrying Ste-lacZ reporter constructs,
in dsRNA unwinding to provide sequence-specific targetwe demonstrated that the 134 bp fragment of the Stellate
recognition [35]. Recently, the smg-2 gene encoding thegene, encompassing a 102 bp sequence with 89%–94%
RNA helicase involved in the nonsense-mediated decaynucleotide identity to Su(Ste) repeats, is sufficient to con-
pathway has been shown to be required for the persistencefer Su(Ste)-dependent silencing. However, only 33 bp of
of RNA interference in C. elegans [45].this fragment are transcribed and will be a target for degra-

dation if a posttranscriptional mechanism is operated. The
Studying the role of aub and spn-E mutations in the reliefrecent observation that a dsRNA as short as 26 bp is still
of Stellate silencing, we observed that these mutationscapable of inducing RNA interference in C. elegans [27]
increase the level of sense Su(Ste) transcripts, exerting nosuggests that it is not impossible. However, the presented
effect on antisense transcripts. This observation suggestsevidence of the involvement of Su(Ste) dsRNA in silenc-
that corresponding proteins are involved in the mecha-ing does not exclude the possibility of transcriptional si-
nism of silencing downstream of antisense RNA produc-lencing caused by dsRNA-driven modification of the Stel-
tion. The expression of spn-E is restricted to the germlinelate chromatin structure. Recent study indicates that
[34]. Accordingly, no influence of spn-E mutation on thedsRNA corresponding to promoter sequences may trigger
expression of Su(Ste) was detected in heads. However, antranscriptional gene silencing in plants, accompanied by
increased level of sense Su(Ste) transcripts in heads ofthe appearance of small 21–25 nt RNA [28]. The involve-
cry1Y males compared to normal XY males indicates thatment of the same chromatin-remodeling and methylation
other proteins might participate in Su(Ste) dsRNA-medi-proteins in posttranscriptional and transcriptional gene
ated repression in somatic tissues. This conclusion is insilencing indicates the interconnection of these mecha-
agreement with recent findings that the RNAi effect innisms in plants [43]. Components of RNAi machinery
somatic tissues of D. melanogaster may be produced bywere also shown to be involved in the cosuppression
transgene-encoded dsRNA [46].caused by repetitive transgene arrays associated with a

change in the chromatin structure of the array in the C.
The expression of the aubergine-lacZ reporter constructelegans germline [14]. Further investigation must address
has been detected only in a tip of testis in which thethe relationship between posttranscriptional and tran-
stem cells are situated [29], but expression of the Ste-lacZscriptional mechanisms in Stellate silencing.
reporter is observed in all germ cells of testes, except for
a tip (Figure 4b). If both reporter constructs reflect theaubergine and spindle-E control expression of repetitive

sequences in the germline natural expression patterns of aub and Stellate, then their
expression areas are not spatially overlapping in testes.The aubergine (sting) and spindle-E (homeless) mutants have

been shown to upregulate Stellate expression [29, 30]. These results argue that AUBERGINE may participate
in the earlier stage of the establishment of silencing andHere, we confirmed the role of spn-E in Stellate silencing

and showed that both mutations lead to an increase in may be dispensable for the later steps, as has been shown
for its C. elegans homolog, RDE-1, in RNAi [47].the level of sense Su(Ste) transcripts. We also demon-

strated that the spn-E, but not aub, mutation increases
There is ample evidence to implicate the operation of athe expression of different retrotransposons and genomic
host surveillance system after mobile elements and vi-tandem repeats.
ruses [6, 7, 12, 13, 16, 48, 49] as a natural function of
dsRNA-mediated silencing. Homologous RNA-mediatedBoth aub- and spn-E-encoded proteins control translation

and localization of specific mRNAs during oogenesis [34, silencing of the non-LTR retroposon I-element has been
demonstrated in D. melanogaster, and an involvement of44]. The AUBERGINE protein is homologous to C. ele-

gans RDE-1 [12], Neurospora crassa QDE-2 [32], and Arabi- dsRNA has been proposed [50–53]. We show that the
spn-E, but not aubergine, mutation causes derepression ofdopsis AGO-1 [31] proteins. All of these proteins have

been shown to be involved in RNAi and PTGS phenom- the mst40 genomic tandem repeats and a wide spectrum
of non-LTR and LTR-containing retrotransposons in theena. Recently, the PAZ- and piwi-conserved protein do-

mains that are shared by numerous proteins, including D. melanogaster germline. The spn-E encoding putative
RNA helicase inhibits the expression of repetitive ele-AUBERGINE, RDE-1, QDE-2, and AGO-1, that are im-
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with LiCl at a final concentration of 3 M, quantified by absorbancy atments, which may be considered as selfish, but exerts no
260 nm, and treated with Amplification Grade DNaseI (Gibco BRL)effect on essential repetitive histone genes. Recently, it
according to manufacturer’s instructions. Samples were divided for �RT

was demonstrated that a mutation in themut6 gene encod- and –RT reactions. Oligo-dT primer (0.5 �g) or 2 pmol of Su(Ste) strand-
ing DEAH RNA helicase impaired PTGS in Chlamydomo- specific primers RTS (5�-TGCACCGAAARTATATG-3�) or RTA (5�-AAT

GAGTGCTTGATATGA-3�) were added to total RNA (1 �g) and heatednas and led to an increase in the steady-state level of
to 70�C for 10 min. First strand cDNA was synthesized with SuperScripttransposable element transcripts by preventing their deg-
II reverse transcriptase (200 U; Gibco BRL) for 1 hr at 43�C. Controlsradation [15]. The AUBERGINE protein is involved in without RT were processed in parallel. The enzyme was heat inactivated

dsRNA-mediated Stellate repression, but seems to be un- at 70�C for 15 min. Reverse transcription of several independently iso-
lated RNA samples was performed. Samples (2 �l) from the reverserelated to the silencing of retrotransposons and other ge-
transcription reaction were amplified using Taq polymerase in the pres-nomic repeats in the germline. This observation is in
ence of 0.027 pM/�l 4 �Ci/pM �P32 dATP. To detect Su(Ste) transcripts,accord with a report that the relief of transposon silencing the following primers were used: PD1 5�-CCCAGCTKYCCGGA

was not observed in mutants of the rde-1 gene, the C. CATCTTCTT-3�, PD2 5�-GGCATGATTCACGCCCGATACAT-3�, PR1
elegans homolog of aubergine involved in RNAi [12]. 5�-CTTGGACCGAACACTTTGAACCAAGTATT-3�, PR2 5�-AGTGGC

TGCATAGTGCCAAACCAAT-3�, and PR3 5�-AGGGGCGATCTCA
AGTTCG-3�. Primers used in the RT-PCR of other transcripts correspondDouble-stranded RNA may be considered as a signal for
to the following sequences: mdg1, 875–900 and 1026–1051 nt in Gen-

recognition and silencing of repetitive elements in a ge- Bank sequence S68526; F-element, 1321–1347 and 1532–1558 nt in
nome. Applying the technique we used to detect the sequence M17214; 1731, 1138–1153 and 1257–1271 nt in sequence

X07656; mst40, 194–218 and 416–441 nt in sequence Z22588; histoneSu(Ste) dsRNA, we obtained preliminary results sug-
H3, 3522–3547 and 3731–3753 nt in sequence X14215; and Adh,gesting that the transcription of several D. melanogaster
6183–6202 and 6380–6399 nt in sequence Z00030. The linear rangeretrotransposons could potentially lead to the formation of amplification was determined in preliminary experiments, and 22–26

of dsRNA in the germline. Together with the observation cycles were performed, depending of transcript abundance. Amplifica-
tion was performed at annealing temperature of 60�C. Coamplificationof increasing retrotransposon transcript levels in the spn-E
with Alcohol dehydrogenase (Adh) primers was used to control RNAhomozygous flies, this result suggests that retrotransposon
quantity. Samples (10 �l) of the PCR reaction were loaded on a 5%expression in the Drosophila germline is controlled by the
denaturating acrylamide gel, and products were visualized by autoradiog-

mechanism that is related, but not identical, to dsRNA- raphy after 2 hr–overnight exposure to X-ray film.
mediated silencing of Ste/Su(Ste) repeats. Antisense tran-
scripts of mobile elements may be produced by a read- Detection of Su(Ste) dsRNA

Total RNA was isolated from 100 hand-dissected testes using Trizolthrough mechanism from promoters of adjacent genes
reagent (Gibco BRL). Total RNA (10 �g) was digested with 1.5 U ofor by an internal antisense promoter. Intriguingly, the
RNaseOne (Promega) in a total volume of 50 �l for 10 min at 37�C.dsRNA-mediated mechanism of Stellate suppression might The reaction was quenched by the addition of 1.5 �l 10% SDS, followed

have evolved as a result of hoppelDNA transposon insertion by ethanol precipitation in the presence of yeast tRNA. After resuspen-
in the genomic Su(Ste) repeats, leading to antisense tran- sion in 50 �l of 1� DNaseI buffer, the samples were treated with 5 U

DNaseI (Ambion) and 2 U RNaseH (Amersham) for 1 hr at 37�C. Reactionsscription. The transcription of both sense and antisense
were quenched by the addition of 10 �l DNase inactivation reagent (Am-strands, which provides a potential source of dsRNA,
bion) according to manufacturer’s instructions. For denaturation, sampleshas been shown for numerous Drosophila transposable were incubated for 10 min at 97�C. Aliquots without denaturation were

elements, including mdg1 retrotransposon [54] and the processed in parallel. Samples (10 �l) were used in 20 �l reverse transcrip-
tion reaction with 250 �g/ml of random primers (Promega) and 200F-element [55].
U of SuperScript II reverse transcriptase (Gibco BRL). Reactions were
incubated for 10 min at 25�C and then 1 hr at 43�C. RT reactions (2Recent reports of RNAi experiments in mammals [4, 56]
�l) was used in PCR with the PD2/PR3 primer pair. At the annealing

suggest the possibility that related silencing mechanisms temperature of 60�C, 25 cycles were performed in the presence of
of repetitive genes might exist in vertebrates. One may 0.027 pM/�l 4 �Ci/pM �P32 dATP. Samples of the PCR reactions

were loaded on a 5% denaturating acrylamide gel, and products werespeculate that dsRNAs are implicated in the silencing of
visualized by autoradiography during overnight exposure to X-ray film.repetitive genes, since it has been shown that heteroge-

neous nuclear ribonucleoprotein (hnRNP) particles iso-
Detection of small RNA specieslated from mammalian cells contain dsRNA and a signifi-
The detection of small RNA was essentially performed by following the

cant part of these duplexes is represented by repetitive protocol of Hutvagner et al. [38]. Briefly, 50 �g total testes RNA isolated
sequences [57, 58]. The future studies of RNAi-related using Trizol reagent was loaded in each lane of a 15% denaturating

acrylamide gel, electrophoresed, and electroblotted to Hybond N� mem-phenomenon may result in unexpected findings, uncov-
brane (Amersham) using 0.5� TBE buffer. 32P-labeled riboprobe wasering the role of dsRNA-mediated silencing in genome
transcribed by T7 RNA polymerase (Boehringer) using the Su(Ste) frag-surveillance, especially in germ cell development. ment as a template, producing a sense or antisense RNA probe for
hybridization. After synthesis, the labeled RNA was partially hydrolyzed

Materials and methods during 1 hr incubation at 60�C in the presence of 80 mM NaHCO3, 160
mM Na2CO3. Hybridization was performed in 25% formamide, 0.5 MRT-PCR
NaCl, 0.1 M Na2HPO4, 25 mM EDTA, 1� Denhardt solution, and 150The amplification conditions were determined in preliminary experiments
�g/ml denaturated DNA at 50�C. After hybridization, a membrane wasusing plasmid templates. The specificity of the Su(Ste) PD1/PR1 primer
washed twice in 2� SSC, 0.5% SDS at 50�C for 30 min and once inpair was confirmed by the absence of amplification using female genomic
0.5� SSC, 0.5% SDS at 50�C for 15 min. Overnight exposure to X-rayDNA. Total RNA was isolated from 100 hand-dissected testes using

Trizol reagent (Gibco BRL), followed by two sequential precipitations film was sufficient to detect a signal from small RNA.



1026 Current Biology Vol 11 No 13

Primer extension and 5�-RACE X-gal staining of testes
Hand-dissected testes were fixed in 2% glutaraldehyde in PBS for 30Primer extension with Ext primer (5�-AACTGGCAGTGCATTT-3�) was
min, washed two times in PBS, and stained with 0.25% 5-bromo-4-performed on 20 �g total testes RNA, essentially following the protocol
chloro-3-indolyl �-D-galactopyranoside (X-gal) at 37�C for 1.5 hr in bufferof Livak [20]. 5�-RACE experiments using RTS primer for reverse tran-
containing 0.15 M NaCl, 10 mM NaH2PO4 (pH 7.5), 1 mM MgCl2, 3.1scription and PD1 primer for amplification were performed using the
mM K3[FeII(CN)6], and 3.1 mM K4[FeIII(CN)6] .SMART RACE cDNA amplification kit (Clontech) according to the proto-

col of Matz et al. [59]. PCR products were cloned and sequenced.
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Northern hybridization and U. Schäfer for fly strains, and Phillip Zamore for RNA size markers.
We thank Denis Rebrikov and Sergei Lukyanov for their help with RACETotal RNA (20 �g) was loaded on 1% agarose 3-[N-morpholino]pro-
experiments, Thomas Tuschl for advice on the detection of small RNAs, andpanesulfonic acid (MOPS) formaldehyde gel, electrophoresed, and trans-
Alla Kalmykova for critical comments. This work was supported by grantsferred to Hybond N membranes (Amersham). A 32P-labeled riboprobe
from the Russian Foundation for Basic Researchers (N 99-04-48561, 00-was transcribed by T3 RNA polymerase (Boehringer) using the Su(Ste) 15-97896, and 01-04-48514) and the programs “Frontiers in Genetics” (N

fragment as a template (shown in Figure 1) inserted into pBlueScript 99-1-069) and “Universities to Fundamental Science”.
SK, thus producing a sense RNA probe for hybridization. Hybridization
and washing were done according to standard procedures. As a control, References
hybridization with a rp49 probe was used. 1. Timmons L, Fire A: Specific interference by ingested dsRNA.

Nature 1998, 395:854.
2. Kennerdell JR, Carthew RW: Use of dsRNA-mediated genetic

Reporter construction design interference to demonstrate that frizzled and frizzled 2 act in
the wingless pathway. Cell 1998, 95:1017-1026.For PCR amplification, a plasmid template containing six full-length Ste

3. Ngo H, Tschudi C, Gull K, Ullu E: Double-stranded RNA inducesgenes was used. The 134 bp Ste fragment for the Ste134-lacZ construct
mRNA degradation in Trypanosoma brucei. Proc Natl Acadwas amplified using the 5�-GAGTCTAGAGTTCCCATCTGGAAGGG
Sci USA 1998, 95:14687-14692.CAT-3� and 5�-TAGGATCCATGTTGCCAGTTCACTTGTTCACAGAAA 4. Wianny F, Zernicka-Goetz M: Specific interference with gene

TATG-3� primer pair, digested with XbaI and BamHI, and ligated into function by double-stranded RNA in early mouse
the CaSpeR-�-gal vector [60] opened with XbaI and BamHI. For the development. Nat Cell Biol 2000, 2:70-75.
hsp70-Ste-lacZ construct, the 592 bp Ste fragment was amplified using 5. Sijen T, Kooter JM: Post-transcriptional gene-silencing: RNAs

on the attack or on the defense? Bioessays 2000,the 5�-GAGAATTCATATTTCTGTGAACAAGTGAACTGGCA-3� and
22:520-531.5�-ACGGATCCAGGGGCGATCTCAAGTTCG-3� primer pair, digested

6. Waterhouse PM, Graham MW, Wang MB: Virus resistance andwith EcoRI and BamHI, and ligated into the CaSpeR-�-gal vector down-
gene silencing in plants can be induced by simultaneousstream of the previously cloned hsp70 promoter. The Ste225-lacZ con- expression of sense and antisense RNA. Proc Natl Acad Sci

struct comprises Ste sequences from 298 to 523 bp, comprising Gen- USA 1998, 95:13959-13964.
Bank sequence X97141, fused to the �-galactosidase ORF in the 7. Hamilton AJ, Baulcombe DC: A species of small antisense RNA

in posttranscriptional gene silencing in plants. ScienceCaSpeR-�-gal vector. The selected clones were sequenced to confirm
1999, 286:950-952.correct fusion.

8. Montgomery MK, Fire A: Double-stranded RNA as a mediator
in sequence-specific genetic silencing and co-suppression.
Trends Genet 1998, 14:255-258.Drosophila strains, transformation, and genetic crosses

9. Zamore PD, Tuschl T, Sharp PA, Bartel DP: RNAi: double-strandedP-element-mediated germline transformation of Df(1)w67c23(2)y embryos RNA directs the ATP-dependent cleavage of mRNA at 21
was performed according to the standard protocol [61]. The strain with to 23 nucleotide intervals. Cell 2000, 101:25-33.
a deletion of the bulk of Su(Ste) repeats on the Y chromosome was 10. Hammond SM, Bernstein E, Beach D, Hannon GJ: An RNA-directed
cry1Y, described in Palumbo et al. [22] To produce males carrying the nuclease mediates post-transcriptional gene silencing in

Drosophila cells. Nature 2000, 404:293-296.cry1Y chromosome, Df(1)w67c23(2)y females were crossed to X/cry1BsYy�

11. Yang D, Lu H, Erickson JW: Evidence that processed smallmales. Strains carrying aubergine and spindle-E mutations were y1 ac1

dsRNAs may mediate sequence-specific mRNA degradationsc1 w1 Ste�, P{lacW}aubsting-1/Cy and Ste�, and ru1 st1 spn-E1 e1 ca1/
during RNAi in Drosophila embryos. Curr Biol 2000,

TM3, Sb1 es, respectively. 10:1191-1200.
12. Tabara H, Sarkissian M, Kelly WG, Fleenor J, Grishok A, Timmons

L, et al.: The rde-1 gene, RNA interference, and transposon
RNAi experiments in Drosophila cell culture silencing in C. elegans. Cell 1999, 99:123-132.

13. Ketting RF, Haverkamp TH, van Luenen HG, Plasterk RH: Mut-7 ofRNAi experiments essentially followed the protocol of Hammond [10].
C. elegans, required for transposon silencing and RNAThe Schneider 2 cells were cultured at 25�C in culture media containing
interference, is a homolog of Werner syndrome helicase and10% heat-inactivated fetal bovine serum (FBS). The cells were cotrans-
RNaseD. Cell 1999, 99:133-141.fected at densities of 2 � 106 cells per ml with dsRNA (1.2 �g per ml 14. Dernburg AF, Zalevsky J, Colaiacovo MP, Villeneuve AM: Transgene-

of cell culture) and hsp70-Ste-lacZ plasmid (6 �g per ml of cell culture) mediated cosuppression in the C. elegans germ line. Genes
by calcium phosphate coprecipitation [62]. The expression of a reporter Dev 2000, 14:1578-1583.

15. Wu-Scharf D, Jeong B, Zhang C, Cerutti H: Transgene andconstruct was induced 48 hr after transfection by 20 min of 37�C heat
transposon silencing in Chlamydomonas reinhardtii by ashock. After 2 hr of relaxation at 25�C, cells were lysed in Z-buffer (60
DEAH-box RNA helicase. Science 2000, 290:1159-1163.mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1mM MgSO4, 50 mM

16. Mourrain P, Beclin C, Elmayan T, Feuerbach F, Godon C, Morel JB,
�-mercaptoethanol, and 0.5% NP40), and the expression of �-galactosi- et al.: Arabidopsis SGS2 and SGS3 genes are required for
dase was assessed by ONPG (O-Nitrophenyl-�-D-galactopyranoside, posttranscriptional gene silencing and natural virus
Sigma) staining [63]. For dsRNA production, transcription templates resistance. Cell 2000, 101:533-542.

17. Livak KJ: Organization and mapping of a sequence on thewere generated by polymerase chain reaction on Stellate or Su(Ste)
Drosophila melanogaster X and Y chromosomes that isplasmid templates such that they contained T7 promoter sequences
transcribed during spermatogenesis. Genetics 1984,on each end. The dsRNA was prepared using T7 RNA polymerase
107:611-634.(Boehringer) according to manufacturer’s instruction. After transcription, 18. Balakireva MD, Shevelyov Y, Nurminsky DI, Livak KJ, Gvozdev VA:

the RNA was heated to 65�C for 10 min, then cooled to room temperature Structural organization and diversification of Y-linked
for 1 hr. To monitor annealing, RNAs were electrophoresed in a 2% sequences comprising Su(Ste) genes in Drosophila

melanogaster. Nucleic Acids Res 1992, 20:3731-3736.agarose gel in TBE buffer and stained with ethidium bromide.



Research Paper dsRNA-mediated silencing in Drosophila Aravin et al. 1027

19. Tulin AV, Kogan GL, Filipp D, Balakireva MD, Gvozdev VA: and amplification of a testis-expressed autosomal gene,
SSL, by the Drosophila Y chromosome. Proc Natl Acad Sci USAHeterochromatic Stellate gene cluster in Drosophila
1997, 94:6297-6302.melanogaster: structure and molecular evolution. Genetics

41. Pal-Bhadra M, Bhadra U, Birchler JA: Cosuppression in1997, 146:253-262.
Drosophila: gene silencing of Alcohol dehydrogenase by20. Livak K: Detailed structure of the Drosophila melanogaster
white-Adh transgenes is Polycomb dependent. Cell 1997,Stellate genes and their transcripts. Genetics 1990,
90:479-490.124:303-316.

42. Pal-Bhadra M, Bhadra U, Birchler JA: Cosuppression of21. Bozzetti MP, Massari S, Finelli P, Meggio F, Pinna LA, Boldyreff B,
nonhomologous transgenes in Drosophila involveset al.: The Ste locus, a component of the parasitic cry-Ste system
mutually related endogenous sequences. Cell 1999, 99:35-46.of Drosophila melanogaster, encodes a protein that forms

43. Morel J, Mourrain P, Beclin C, Vaucheret H: DNA methylation andcrystals in primary spermatocytes and mimics properties of
chromatin structure affect transcriptional and post-the beta subunit of casein kinase 2. Proc Natl Acad Sci USA
transcriptional transgene silencing in Arabidopsis. Curr Biol1995, 92:6067-6071.
2000, 10:1591-1594.22. Palumbo G, Bonaccorsi S, Robbins LG, Pimpinelli S: Genetic

44. Wilson JE, Connell JE, Macdonald PM: aubergine enhances oskaranalysis of Stellate elements of Drosophila melanogaster.
translation in the Drosophila ovary. Development 1996,Genetics 1994, 138:1181-1197.
122:1631-1639.23. Kogan GL, Epstein VN, Aravin AA, Gvozdev VA: Molecular

45. Domeier ME, Morse DP, Knight SW, Portereiko M, Bass BL, Mangoevolution of two paralogous tandemly repeated
SE: A link between RNA interference and nonsense-heterochromatic gene clusters linked to the X and Y
mediated decay in Caenorhabditis elegans. Science 2000,chromosomes of Drosophila melanogaster. Mol Biol Evol
289:1928-1931.2000, 17:697-702.

46. Lam G, Thummel CS: Inducible expression of double-stranded24. Kalmykova AI, Dobritsa AA, Gvozdev VA: Su(Ste) diverged tandem
RNA directs specific genetic interference in Drosophila.repeats in a Y chromosome of Drosophila melanogaster
Curr Biol 2000, 10:957-963.are transcribed and variously processed. Genetics 1998,

47. Grishok A, Tabara H, Mello CC: Genetic requirements for148:243-249.
inheritance of RNAi in C. elegans. Science 2000,25. Elbashir SM, Lendeckel W, Tuschl T: RNA interference is
287:2494-2497.mediated by 21- and 22-nucleotide RNAs. Genes Dev 2001,

48. Kasschau KD, Carrington JC: A counterdefensive strategy of15:188-200.
plant viruses: suppression of posttranscriptional gene26. Bernstein E, Caudy AA, Hammond SM, Hannon GJ: Role for a
silencing. Cell 1998, 95:461-470.bidentate ribonuclease in the initiation step of RNA 49. Brigneti G, Voinnet O, Li WX, Ji LH, Ding SW, Baulcombe DC: Viralinterference. Nature 2001, 409:363-366. pathogenicity determinants are suppressors of transgene

27. Parrish S, Fleenor J, Xu S, Mello C, Fire A: Functional anatomy silencing in Nicotiana benthamiana. EMBO J 1998,
of a dsRNA trigger. Differential requirement for the two 17:6739-6746.
trigger strands in RNA interference. Mol Cell 2000, 50. Jensen S, Gassama MP, Heidmann T: Taming of transposable
6:1077-1087. elements by homology-dependent gene silencing. Nat Genet

28. Mette MF, Aufsatz W, van Der Winden J, Matzke MA, Matzke AJ: 1999, 21:209-212.
Transcriptional silencing and promoter methylation 51. Malinsky S, Bucheton A, Busseau I: New insights on homology-
triggered by double-stranded RNA. EMBO J 2000, dependent silencing of I factor activity by transgenes
19:5194-5201. containing ORF1 in Drosophila melanogaster. Genetics 2000,

29. Schmidt A, Palumbo G, Bozzetti MP, Tritto P, Pimpinelli S, Schafer 156:1147-1155.
U: Genetic and molecular characterization of sting, a gene 52. Chaboissier MC, Bucheton A, Finnegan DJ: Copy number control
involved in crystal formation and meiotic drive in the male of a transposable element, the I factor, a LINE-like element
germ line of Drosophila melanogaster. Genetics 1999, in Drosophila. Proc Natl Acad Sci USA 1998, 95:11781-11785.
151:749-760. 53. Jensen S, Gassama MP, Heidmann T: Cosuppression of I

30. Stapleton W, Das S, McKee BD: A role of the Drosophila transposon activity in Drosophila by I-containing sense and
homeless gene in repression of Stellate in male meiosis. antisense transgenes. Genetics 1999, 153:1767-1774.

54. Ilyin YV, Chmeliauskaite VG, Georgiev GP: Double-strandedChromosoma 2001, in press.
sequences in RNA of Drosophila melanogaster: relation to31. Fagard M, Boutet S, Morel JB, Bellini C, Vaucheret H: AGO1,
mobile dispersed genes. Nucleic Acids Res 1980, 8:3439-3457.QDE-2, and RDE-1 are related proteins required for post-

55. Minchiotti G, Di Nocera PP: Convergent transcription initiatestranscriptional gene silencing in plants, quelling in fungi,
from oppositely oriented promoters within the 5� endand RNA interference in animals. Proc Natl Acad Sci USA 2000,
regions of Drosophila melanogaster F elements. Mol Cell Biol97:11650-11654.
1991, 11:5171-5180.32. Catalonotto C, Azzalin G, Macino G, Cogoni C: Gene silencing in

56. Svoboda P, Stein P, Hayashi H, Schultz RM: Selective reductionworms and fungi. Nature 2000, 404:245.
of dormant maternal mRNAs in mouse oocytes by RNA33. Cerutti L, Mian N, Bateman A: Domains in gene silencing and
interference. Development 2000, 127:4147-4156.cell differentiation proteins: the novel PAZ domain and

57. Calvet JP, Pederson T: Secondary structure of heterogeneousredefinition of the piwi domain. Trends Biochem Sci 2000,
nuclear RNA: two classes of double-stranded RNA in native25:481-482.
ribonucleoprotein. Proc Natl Acad Sci USA 1977, 74:3705-3709.34. Gillespie DE, Berg CA: Homeless is required for RNA

58. Fedoroff N, Wellauer PK, Wall R: Intermolecular duplexes inlocalization in Drosophila oogenesis and encodes a new heterogeneous nuclear RNA from HeLa cells. Cell 1977,member of the DE-H family of RNA-dependent ATPases. 10:597-610.Genes Dev 1995, 9:2495-2508. 59. Matz M, Shagin D, Bogdanova E, Britanova O, Lukyanov S,
35. Bass BL: Double-stranded RNA as a template for gene Diatchenko L, et al.: Amplification of cDNA ends based on

silencing. Cell 2000, 101:235-238. template-switching effect and step-out PCR. Nucleic Acids Res
36. Russell SR, Kaiser K: A Drosophila melanogaster chromosome 1999, 27:1558-1560.

2L repeat is expressed in the male germ line. Chromosoma 60. Thummel C, Boulet A, Lipshitz H: Vectors for Drosophila
1994, 103:63-72. P-element-mediated transformation and tissue culture

37. Matsuo Y, Yamazaki T: tRNA derived insertion element in transfection. Gene 1988, 74:445-456.
histone gene repeating unit of Drosophila melanogaster. 61. Rubin GM, Spradling AC: Genetic transformation of Drosophila
Nucleic Acids Res 1989, 17:225-238. with transposable element vectors. Science 1982,

38. Hutvagner G, Mlynarova L, Nap JP: Detailed characterization of 218:348-353.
the posttranscriptional gene-silencing-related small RNA 62. Di Nocera PP, Dawid IB: Transient expression of genes
in a GUS gene-silenced tobacco. RNA 2000, 6:1445-1454. introduced into cultured cells of Drosophila. Proc Natl Acad

39. Kalmykova A, Dobritsa A, Gvozdev V: The Su(Ste) repeat in the Sci USA 1983, 80:7095-7098.
63. Lawson R, Mestril R, Schiller P, Voellmy R: Expression of heatY chromosome and betaCK2tes gene encode predicted

shock-beta-galactosidase hybrid genes in culturedisoforms of regulatory beta-subunit of protein kinase CK2 in
Drosophila cells. Mol Gen Genet 1984, 198:116-124.Drosophila melanogaster. FEBS Lett 1997, 416:164-166.

40. Kalmykova AI, Shevelyov YY, Dobritsa AA, Gvozdev VA: Acquisition


