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RNA interference is a conserved mechanism by which double-stranded RNA is processed into short interfering RNAs (siRNAs)
that can trigger both post-transcriptional and transcriptional gene silencing. In fission yeast, the RNA-induced initiation of
transcriptional gene silencing (RITS) complex contains Dicer-generated siRNAs and is required for heterochromatic silencing. Here
we show that RITS components, including Argonaute protein, bind to all known heterochromatic loci. At the mating-type region,
RITS is recruited to the centromere-homologous repeat cenH in a Dicer-dependent manner, whereas the spreading of RITS across
the entire 20-kb silenced domain, as well as its subsequent maintenance, requires heterochromatin machinery including Swi6 and
occurs even in the absence of Dicer. Furthermore, our analyses suggest that RNA interference machinery operates in cis as a
stable component of heterochromatic domains with RITS tethered to silenced loci by methylation of histone H3 at Lys9. This
tethering promotes the processing of transcripts and generation of additional siRNAs for heterochromatin maintenance.

Heterochromatic chromosomal domains occur in a wide range of
eukaryotes and have a crucial role in regulation of gene expression,
sister chromatid cohesion and maintenance of genomic stability1,2.
The genome of the fission yeast Schizosaccharomyces pombe contains
large blocks of heterochromatin associated with pericentromeric
repeats, telomeres and the silent mating-type region (mat)2. Hetero-
chromatin assembly at these loci involves a conserved array of histone
modifications that includes histone deacetylation and the Clr4-
mediated methylation of histone H3 at Lys9 (H3-Lys9), which is
essential for the recruitment of chromodomain protein Swi6, a
homolog of the fruit fly and mammalian HP1 proteins3–5.

The mechanisms that specify particular chromosomal regions as
sites of heterochromatin assembly are not known. It is well known,
however, that the main targets of heterochromatin assembly are DNA
repetitive elements such as transposons and satellite repeats present at
pericentric regions in large eukaryotic genomes2,6,7. The RNA inter-
ference (RNAi) pathway8,9 might be involved in heterochromatin
nucleation at repeat loci10–15. In S. pombe, deletion of components
of the RNAi pathway such as Argonaute (Ago1), Dicer (Dcr1) or
RNA-dependent RNA polymerase (Rdp1) disrupts heterochromatin-
mediated silencing that correlates with loss of H3-Lys9 methylation
and Swi6 association with heterochromatic loci14,15. In addition,
siRNAs corresponding to centromeric repeats have been identified16,
and the centromere-homologous cenH sequence (96% similar to dg
and dh centromeric repeats17) found at the mat locus is an RNAi-
dependent heterochromatin nucleation center14. An RNAi effector
complex (RITS) containing Chp1, Tas3 and Ago1 is involved in

heterochromatin assembly18. RITS contains siRNAs that are believed
to serve as specificity determinants for targeting RNAi effector com-
plexes to homologous sequences8,18–21.

In this study, we further dissected the role of RITS in heterochro-
matin assembly and silencing in S. pombe. We found that the three
known RITS components, Ago1, Chp1 and Tas3, bind to all known
heterochromatic loci, including the mat locus, telomeres and centro-
meres. We also found that at the mat locus, RITS spreads from the
heterochromatin nucleation site cenH to adjacent sequences, encom-
passing the entire heterochromatic mat region. We showed that
RITS depends on H3-Lys9 methylation to remain stably associated
with the silenced loci, and that the tethering of RITS to silenced
chromosomal domains is essential for its role in transcriptional and
post-transcriptional silencing and for the generation of additional
siRNAs for heterochromatin assembly.

RESULTS
Localization of RITS components to heterochromatic loci
At least two components of RITS, Chp1 and Tas3, are associated with
the centromeric repeats18,22. We carried out chromatin immunopre-
cipitation (ChIP) analysis to determine whether Ago1 also localizes to
the centromeres and whether RITS components associate with the
other heterochromatic loci, including the mat locus and telomeres. We
found not only that Ago1 was readily detected at centromeric repeats,
but also that all three known subunits of RITS complex were
preferentially enriched at cenH, the site of heterochromatin nucleation
at the mat locus, and at the telomeres (Fig. 1a). Based on these
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analyses, RITS associates with known sites of heterochromatin for-
mation in the fission yeast genome. Further supporting this idea, RITS
subunits, including Ago1, localized preferentially at two or three foci
representing heterochromatic loci, including centromeres and telo-
meres, clustered near the nuclear periphery (Fig. 1b). We also
observed speckled distribution of Ago1 in the cytoplasm, in addition
to the bright foci present at the nuclear periphery. The meaning of the
cytoplasmic localization of Ago1 remains to be investigated, but Ago1
might exist in multiple protein complexes with distinct functions.

RITS-mediated heterochromatin assembly at the mat locus
Although RITS is essential for heterochromatin assembly at centro-
meres, it is dispensable for the maintenance of the preassembled
heterochromatic state at the mat locus18. But RITS might be
required for the initial nucleation of heterochromatin at the mat

locus, as is the case with other factors involved in RNAi14. We
previously showed that Atf1 and Pcr1, two orthologs of mammalian
ATF-CREB family proteins, act in a parallel mechanism to the
RNAi pathway to nucleate heterochromatin assembly at the mat
locus23, thereby compensating for the loss of RITS. To explore the
possible role of RITS in heterochromatin assembly at the mat locus,
we combined deletions of RITS components with pcr1D. Deletion of
chp1 or tas3 alone had no effect on silencing of a ura4+ marker gene
inserted at the mat locus (Kint2::ura4+; Fig. 2a), but when combined
with pcr1D, deletion of either gene resulted in defective silencing
of the ura4+ gene that correlated with a reduction in H3-Lys9
methylation and Swi6 localization (Fig. 2b). De novo nucleation
of heterochromatin after treatment of cells with trichostatin A
(TSA), a histone deacetylase inhibitor that ‘erases’ heterochromatin
at the mat locus, was severely affected in double mutant cells
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Figure 1 Stable association of RITS with constitutive heterochromatic domains. (a) RITS components are localized at the mating-type region, centromeres

and telomeres. ChIP analyses were done using strains expressing (Myc)3-Ago1, Chp1-(FLAG)3 and Tas3-TAP. Strains carrying ura4+ at centromeric repeat

(otr1R::ura4+) were used to detect RITS localization at centromeres. Telomeric region was amplified using primers previously described34. DNA isolated from

ChIP or whole-cell extract (WCE) fractions was subjected to multiplex PCR to amplify DNA fragments from the mating-type region, centromeres or telomeres,

along with an act1 or ura4DS/E fragment as an internal amplification control. The ratios of heterochromatic loci signals versus control signals between ChIP

and whole-cell extract fractions were used to calculate the relative enrichment of precipitated samples35, shown below each lane. (b) Localization of RITS

components as visualized by immunofluorescence with antibody to Myc (for (Myc)3-Ago1) or fluorescence of GFP-tagged proteins (for Chp1 and Tas3). DNA

was visualized by DAPI.
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Figure 2 RITS cooperates with ATF-CREB family proteins to nucleate

heterochromatin assembly at the mat locus. (a) Physical map of the

mat region. mat1 is transcriptionally active, but a 20-kb domain

encompassing mat2 and mat3 is subject to heterochromatin-mediated

silencing. The inverted repeats IR-L and IR-R function as heterochromatin

boundary elements. The cenH element shares homology to dg and dh

centromeric repeats. Arrowheads indicate binding sites for Atf1-Pcr1.

(b) Loss of RITS in combination with pcr1D affects heterochromatin

at Kint2::ura4+. Serial dilution plating assays in the presence and

absence of fluoroorotic acid (FOA) were done to measure Kint2::ura4+

expression. Levels of H3-Lys9 methylation and Swi6 at Kint2::ura4+ were

determined by ChIP assay. DNA from ChIP or whole-cell crude extracts
(WCE) was analyzed using competitive PCR, whereby one primer pair

amplifies different-sized PCR products from Kint2::ura4+ and from the

control ura4DS/E minigene at the endogenous ura4 locus. The ratio of

Kint2::ura4+ signal to ura4DS/E signal was used to calculate the

relative enrichment, shown below each lane. (c) RITS mutant strains

carrying pcr1D do not establish heterochromatin at the mat locus.

Expression of Kint2::ura4+ and levels of H3-Lys9 methylation and

Swi6 at Kint2::ura4+ after recovery from TSA treatment are shown.

WT, wild-type.
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(Fig. 2c). Single mutants with deletions of chp1, tas3 or dcr1 could
eventually assemble heterochromatin after treatment with TSA,
but double mutants carrying deletion of chp1, tas3 or dcr1 together
with deletion of pcr1 were completely unable to nucleate hetero-
chromatin (Fig. 2c). These results indicate that RITS and Atf1-Pcr1
participate in distinct and parallel pathways to nucleate heterochro-
matin at the mat locus.

Recruitment and spreading of RITS at the mat locus
We next investigated whether RITS localizes specifically to cenH
or is widely distributed throughout the mat region. High-resolution
mapping of RITS components by ChIP assay showed that Chp1 and
Tas3 were preferentially enriched throughout the entire 20-kb mat
region (Fig. 3). In swi6 mutant cells, which are able to nucleate
heterochromatin but unable to spread H3-Lys9 methylation outward

from the nucleation site14, RITS localization
was restricted to the cenH heterochromatin
nucleation center (Fig. 3). These results
indicate that RITS localizes to cenH indepen-
dent of Swi6 and suggest that hetero-
chromatin containing Swi6 is required for
the spreading and maintenance of RITS
throughout the mat locus. RITS contains
Dcr1-generated siRNAs that are believed
to be essential for RITS localization to
centromeric repeats18. We explored whether
Dcr1 was also required for RITS localization
to the mat locus. We found that RITS
localization was not affected by the loss of
Dcr1 (Fig. 4), probably because hetero-
chromatin assembled by Atf1-Pcr1 pathway
was able to maintain RITS at the mat locus
in the absence of an intact RNAi pathway.
In double mutant cells carrying deletions of
dcr1 and swi6, which lack heterochromatin
at the mat locus, RITS localization was
completely abolished across the entire mat
interval (Fig. 4). These data suggest that
siRNAs generated by Dcr1 are required for
the de novo targeting of RITS to the cenH
site, but, once localized, H3-Lys9 methylation
and Swi6-containing heterochromatin are
sufficient to maintain RITS across the mat
region (Fig. 3).
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Figure 4 Localization of Chp1 and Tas3 at the mat region in dcr1D and dcr1D swi6D mutant cells.

Levels of ChIP enrichment of Chp1-(FLAG)3 and Tas3-TAP proteins are presented in alignment with the

map of the mat region. Quantitative measurements of Chp1-(FLAG)3 and Tas3-TAP protein levels at the

mating-type region were carried out as described in Figure 3.

Figure 3 Mapping of RITS components at the

mat region. ChIP was done using strains

expressing Chp1-(hemagglutinin; HA)3 or Tas3-

TAP with hemagglutinin-specific antibody

(12CA5) or IgG sepharose, respectively. Primers

used to amplify mat and control act1 fragments

were previously described35. DNA isolated from

ChIP (IP) or whole-cell extract (WCE) fractions

was subjected to multiplex PCR to amplify DNA

fragments from the mat region (indicated by

horizontal numbered bars), as well as an act1

fragment as an internal amplification control.

The ratios of the mat region and act1 signals

present in whole-cell extracts were used to

calculate the relative enrichment of precipitated
samples35. These results were plotted in

alignment with a map of the mat locus.

Enrichment by a factor of 1 is a baseline for no

enrichment, with enrichment by a factor greater

than 1 indicating protein binding (filled colors).

ChIP experiments were repeated at least twice for

each factor, and representative results are shown.

WT, wild-type.
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RNAi and heterochromatin regulate cenH expression
If Dcr1-generated siRNAs are required for heterochromatin nucleation
at the mat locus, then cenH, like centromeric repeats, might be
transcribed. We found that transcript levels were barely detectable in
wild-type cells, whereas abundant transcripts corresponding to the dh
portion of cenH were readily identified in dcr1D and clr4D strains
(Fig. 5a). These transcripts were derived from both the forward and
reverse strands of cenH (Fig. 5b), although the levels of forward
transcripts were slightly higher, probably reflecting the relative
strength of the respective promoters. Although deletions of RNAi
pathway components had no effect on the maintenance of hetero-
chromatin and silencing of marker genes inserted at the mat locus14

(Fig. 5c), they did result in a substantial accumulation of cenH
transcripts. In this respect, cenH differs considerably from centromeric
loci, where increased transcript levels in RNAi mutants are associated
with a loss of heterochromatin and transcriptional silencing15. These
findings suggest that double-stranded RNA (dsRNA) produced from
cenH may be subject to post-transcriptional control in wild-type cells.

To elucidate the possible contributions of transcriptional and post-
transcriptional mechanisms in the accumulation of cenH transcripts,
we examined the transcript levels in cells carrying deletions of dcr1,
swi6, or both dcr1 and swi6. Dcr1 is dispensable for heterochromatin-
mediated transcriptional silencing at the mat locus14 but is required
for processing of dsRNA into siRNAs24. In contrast, Swi6 is essential
for heterochromatin formation and transcriptional silencing but is not
needed for targeting RITS to cenH (Fig. 3). Although dcr1 and swi6

single mutants each accumulated cenH transcripts, dcr1 swi6 double
mutants accumulated substantially more transcripts (Fig. 5d). The
levels of cenH transcripts in the double mutant were comparable to
those in clr4D cells, which are defective in both heterochromatin
assembly and RITS localization at cenH (Fig. 5d). These data suggest
that the level of cenH transcripts is regulated by both post-transcrip-
tional and transcriptional silencing mechanisms.

Targeting of RITS to heterochromatin and its role in silencing
Localization of Chp1 to chromatin requires the Clr4 methyltransfer-
ase22, which has also been implicated in the RNAi pathway21. We
explored the interplay between Clr4-dependent localization of RITS to
silenced loci and its effect on siRNA generation. To determine the role
of Clr4 in RITS localization to heterochromatin, we carried out ChIP
mapping of H3-Lys9 methylation and RITS at the mat locus in strains
with mutations in either the chromodomain (W31G) or the post-SET
domain (G486D) of Clr4 and in strains carrying the clr4D allele4. H3-
Lys9 methylation was present throughout the mat region in wild-type
cells but was completely absent in the clr4D cells (Fig. 6a)14. H3-Lys9
methylation was restricted to cenH in the G486D mutant and was
asymmetrically enriched at cenH and sequences flanking to the right in
the W31G mutant (Fig. 6a). Mapping of RITS at the mat locus showed
a localization pattern markedly similar to the pattern of H3-Lys9
methylation in the clr4 mutants (Fig. 6b). RITS components localized
to cenH region in the G486D and W31G mutants, but neither Chp1
(Fig. 6b) nor Tas3 (data not shown) localized to the mat locus in clr4D
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cells. Similarly, deletion of clr4 abolished RITS binding to the cen-
tromeres (Supplementary Fig. 1 online). These data indicate that the
localization of RITS at heterochromatic loci and its subsequent
spreading require H3-Lys9 methylation by Clr4.

We next examined the effects of mutations in clr4 on siRNAs that
copurify with the RITS complex. Although protein components of the
RITS complex remained associated together in all three clr4 mutant
backgrounds (data not shown), deletion of clr4, which completely
abolishes H3-Lys9 methylation and RITS binding to chromatin,

resulted in a loss of siRNAs associated with RITS (Fig. 7a). Consistent
with RITS still being able to associate with heterochromatic repeats in
the G486D and W31G mutants and with the presence of high levels of
H3-Lys9 methylation at centromeres in these mutant backgrounds4,
RITS-associated siRNAs were still present in both mutants (Fig. 7a).
These results indicate that chromatin association of RITS is essential
for efficient processing of transcripts at heterochromatic loci and for
generation and recruitment of siRNAs into the RITS complex. To
further explore this hypothesis, we constructed strains carrying a
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effect of chp1 mutation on RITS-associated siRNAs. Strains carrying Chp1-(FLAG)3 were used in RITS purification. siRNAs in RITS were analyzed as

described in a. (d) Comparison of Chp1 protein levels in wild-type (WT) and chp1 mutant cells, as assessed by western-blot analysis using antibody to FLAG

(top panel) or to TAT1 for loading control (bottom panel).

Figure 6 RITS localization correlates with

H3-Lys9 methylation in clr4 mutants at the

mat locus. H3-Lys9 methylation (a) and Chp1

localization (b) in clr4 mutants. Wild-type (WT),

W31G, G486D and clr4D strains were used for

ChIP analyses. W31G and G486D contain

mutations in the chromodomain and post-SET

domain of Clr4 protein, respectively. Levels of

H3-Lys9 methylation and Chp1-TAP at the mat

region determined by ChIP are shown aligned

with the map of the mating-type region

(Supplementary Fig. 2 online).
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mutation (W44G) in the Chp1 chromodomain, which has been
shown to bind methylated H3-Lys9 (ref. 22). In the W44G mutant,
RITS did not associate with the mat region and the centromeres
(Fig. 7b) and, concomitantly, no RITS-associated siRNAs could be
detected (Fig. 7c), even though mutant W44G Chp1 protein was
expressed at normal levels (Fig. 7d). The lack of Chp1 binding to
chromatin also resulted in loss of H3-Lys9 methylation at centromeres
but not at the mat region (Fig. 7b), primarily due to redundant
heterochromatin assembly mechanisms at the mat locus23 (Fig. 2).
These results suggest that the failure of RITS to associate with
chromatin leads not only to the disappearance of siRNAs associated
with RITS but also to the loss of heterochromatin at centromeres,
further supporting the idea that the RNAi machinery acts primarily in
cis with RITS tethered to chromatin by methylated H3-Lys9.

DISCUSSION
Our analyses are suggestive of a self-enforcing loop mechanism by
which heterochromatic marks originally established by the RNAi
pathway maintain RITS at specific loci on chromatin. Our results
also indicate that stably localized RITS mediates the processing of
nascent RNA transcripts, thus degrading potentially deleterious tran-
scripts and generating additional siRNAs for the further recruitment
of Clr4 and heterochromatin assembly factors. As shown in our model
(Fig. 8), diffusible dsRNA transcripts are initially recognized and
cleaved by Dcr1, converting them into siRNAs that in turn are

incorporated into RITS or an unknown complex that guides Clr4
and heterochromatin assembly factors to homologous target
sequences, presumably through interactions with nascent RNA tran-
scripts. A number of observations suggest that this initial targeting
step, probably mediated by trans-acting RNAi factors, is rather
inefficient: de novo centromere formation, which is linked to hetero-
chromatin and depends on dg and dh repeats25 known to act through
RNAi15, is a stochastic and inefficient process; and epigenetically
‘active’ centromeres, after transient inhibition of histone deacetylation
by TSA treatment26 or propagation in an RNAi mutant background
(I. Hall and S.I.S.G., unpublished data), can persist for many genera-
tions in otherwise wild-type cells. Once localized at the target site,
however, methylation of H3-Lys9 by Clr4 creates the binding sites not
only for Swi6 but also for RITS to be tethered to chromatin through
the chromodomain of Chp1. The tethering of RITS to chromatin
directly couples the generation of siRNAs to heterochromatin assem-
bly and allows both transcriptional and post-transcriptional silencing
to be maintained in a local, cis-acting manner. RITS may directly
participate in the generation of siRNA signals by cooperating with
Rdp1 and Dcr1 in cis to process nascent transcripts into siRNAs. This
hypothesis is supported by recent evidence that the fruit fly Dicer
proteins are components of the Argonaute-containing RNA-induced
silencing complex (RISC) that is required for siRNA-directed mRNA
cleavage27,28, and in some organisms, such as in Arabidopsis, Dicer is
localized to the nucleus29. Moreover, Rdp1 in S. pombe is preferentially
enriched at the centromeric repeats15. RITS might be part of a larger
RNAi complex containing all the components necessary for the
conversion of transcripts into siRNAs. This holoenzyme complex
could assemble on chromatin to coordinate with heterochromatin
factors to effect post-transcriptional silencing.

We show here that RITS can spread from the initial nucleation
site to surrounding sequences and that this process depends on
Swi6 but does not require Dcr1. This probably occurs through the
recruitment of Clr4 by chromatin-bound Swi6 to methylate H3-Lys9
residues on adjacent nucleosomes14,30, thereby allowing RITS to
spread in a Dcr1-independent manner through the binding of the
Chp1 chromodomain to methylated H3-Lys9. This stably localized
RITS might provide a detection system for transcripts produced by
repeat elements embedded in heterochromatic domains. We propose
that H3-Lys9 methylation and heterochromatin are parts of an
epigenetic marking system that preferentially targets RITS to transpo-
sons and repetitive elements. Notably, the existence of alternative,
RNAi-independent recruitment mechanisms and the role of hetero-
chromatic spreading in this process may allow RITS to exert control
over DNA sequences incapable of triggering RNAi themselves.
Considering the utility of coupling heterochromatin assembly with
RITS localization, and considering that numerous siRNAs corre-
sponding to repetitive elements and transposons have been identified
in plants and animals31,32, similar mechanisms probably exist in other
organisms as well.

METHODS
Fission yeast strains. We constructed S. pombe strains expressing Chp1 or Tas3

fused with epitope tags at the C terminus using a PCR-based module method33.

We tagged Ago1 with a Myc epitope (3�) at the N terminus. We expressed

tagged chp1, tas3 and ago1 under the control of their native regulatory elements

so as to achieve wild-type levels of expression. The tagged proteins were fully

functional as judged by centromeric silencing assay. We generated clr4 mutant

strains with mutation in the chromodomain (W31G) or the post-SET domain

(G486D) as described previously4. We created the chromodomain mutant of

chp1 by a PCR-based method using altered DNA sequence containing long

Initial targeting pathway

siRNAs RITS

RITS Dcr1 Rdp1

Clr4-containing complex Swi6

Dcr1

dsRNA

?

dsRNA or
aberrant RNAs

H3 Lys9 Me

Spreading

Active RITS

Amplification of silencing signal

Figure 8 Schematic model showing the role of RITS and RNAi in

transcriptional and post-transcriptional silencing. RNAi machinery is

involved in the initial targeting of Clr4 protein to heterochromatin nucleation

center (blue box), producing dsRNAs through a potential interaction between
Clr4 with RITS (bar symbol) or with an unknown complex containing siRNAs

(top). After the initial methylation of H3-Lys9 by Clr4, RITS can be tethered

to chromatin through the interaction of Chp1 chromodomain and methylated

H3-Lys9. Once bound to chromatin, RITS probably recruits Rdp1 and Dcr1

to process nascent transcripts into siRNAs. Newly produced siRNAs can

trigger further recruitment of Clr4, creating a feedback loop to stably

maintain heterochromatin (bottom). Swi6 bound to methylated H3-Lys9

recruits histone-modifying activities, including Clr4, that create additional

binding sites for Chp1 chromodomain on adjacent nucleosomes, leading to

RITS spreading.
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oligonucleotides (B100 nucleotides) that corresponds to amino acid substitu-

tion W44G. We transformed the amplified PCR product into cells expressing

Chp1-(FLAG)3. The presence of chp1 mutation was confirmed by DNA

sequencing. All other strain constructions were carried out using conventional

genetic crosses.

TSA treatment. We inoculated logarithmically growing cells in yeast extract

supplemented with adenine (YEA) medium containing 35 mg ml–1 TSA and

cultured them for 10 generations at 32 1C. We collected the cells, washed them

twice with YEA medium and allowed them to grow for an additional 10

generations in the absence of TSA. We subjected TSA-treated and untreated

cells to serial dilution plating assay as well as ChIP analyses.

ChIP. We carried out ChIP analysis with previously described primers34.

RNA analysis. We extracted total RNA from cells as described previously15,

treated it (B10 mg) with 10 units of DNase I (Promega) at 37 1C for 30 min

and subjected the RNA sample (B250 ng) to RT-PCR (Onestep RT-PCR kit,

Qiagen). We detected dsRNA with one primer complementary to either the

forward or reverse cenH transcripts during first-strand cDNA synthesis and

added a second primer before the PCR reaction. To confirm that no DNA

contamination was present in the RNA sample, we omitted the reverse

transcription step.

Detection of RITS-associated siRNAs. We purified the RITS complex and

detected RITS-associated siRNAs as previously described18. We grew cells

carrying Chp1-TAP or Chp1-(FLAG)3 to mid-log phase in YEA medium and

affinity-purified RITS from respective cell lysates. siRNAs purified by phenol-

chloroform extraction were then 3¢-end-labeled with [5¢-32P]-pCp using

T4 RNA ligase. We resolved labeled siRNAs on a 15% denaturing urea

acrylamide gel.

Immunofluorescence analysis. We carried out immunofluorescence analysis

as previously described35.

Note: Supplementary information is available on the Nature Genetics website.
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