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Summary

Heterochromatic gene silencing at the pericentromeric DNA repeats in fission yeast requires the
RNA interference (RNAI) machinery. The RNA-Induced Transcriptional Silencing (RITS) complex
mediates histone H3 lysine 9 (H3K9) methylation and recruits the RNA-Dependent RNA Polymerase
Complex (RDRC) to promote double-strand RNA (dsRNA) synthesis and siRNA generation. Here
we show that ectopic expression of a long hairpin RNA bypasses the requirement for chromatin-
dependent steps in sSiIRNA generation. The ability of hairpin-produced siRNAs to silence homologous
sequences in trans is subject to local chromatin structure, requires HP1, and correlates with antisense
transcription at the target locus. Furthermore, although hairpin siRNAs can be produced in the
absence of RDRC, trans-silencing of reporter genes by hairpin-produced siRNAs is completely
dependent on the dsSRNA synthesis activity of RDRC. These results provide new insights into the
regulation of siRNA action and reveal roles for cis-dsRNA synthesis and HP1 in siRNA-mediated
heterochromatin assembly.

Introduction

RNA.I is a conserved and widespread silencing mechanism, which is mediated by small
interfering RNA (siRNA) molecules and regulates gene expression at both the transcriptional
and posttranscriptional levels (Fire et al., 1998; Grewal and Moazed, 2003; Hannon, 2002;
Martienssen et al., 2005; Meister and Tuschl, 2004). In posttranscriptional gene silencing,
SiRNAs (or microRNAS) are generated from double-stranded RNA (dsRNA) by Dicer, a
ribonuclease |11 enzyme, and load onto Argonaute proteins in the RNA-Induced Silencing
Complex (RISC) to guide messenger RNA degradation or translational repression (Bernstein
etal., 2001; Gregory et al., 2005; Hammond et al., 2001; Hutvagner and Zamore, 2002; Liu et
al., 2004; Song et al., 2003). In the fission yeast, Schizosaccharomyces pombe, centromere-
associated DNA repeats are transcribed and give rise to siRNAs (Reinhart and Bartel, 2002),
and heterochromatin formation at these repeats requires components of the RNAI pathway
(Volpe et al., 2002).

Heterochromatin assembly in fission yeast involves the methylation of H3K9 by the conserved
histone methyltransferase Clr4 (orthologous to Su(var)3-9), which creates a binding site for
HP1 proteins, Swi6 and Chp2 (Nakayama et al., 2000; Nakayama et al., 2001; Sadaie et al.,
2004; Thon and Verhein-Hansen, 2000). HP1/Swi6 and H3K9 methylation are required for
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transcriptional silencing of reporter genes placed in heterochromatic regions (Allshire et al.,
1994; Grewal and Klar, 1996). Current models for RNAi-mediated heterochromatin assembly
propose that sSiRNAs guide the RITS complex to nascent centromeric transcripts (Blhler et al.,
2006; Motamedi et al., 2004; Verdel et al., 2004). The RITS complex containing Ago1l, the
GW:-repeat protein Tas3, and the chromodomain protein Chp1l, then tethers centromeric RNAs
to the chromosome by siRNA-dependent base pairing with the nascent transcript and the
association of its Chp1 subunit with H3K9-methylated nucleosomes (Blhler et al., 2006;
Motamedi etal., 2004). This leads to recruitment of RDRC, which contains the RNA-dependent
RNA polymerase Rdp1, the Hrrl helicase, and the Cid12 polyA polymerase family protein,
and the synthesis of dSRNA (Motamedi et al., 2004; Sugiyama et al., 2005). The dsRNA is
processed by Dicer (Dcrl) into siRNAs, which initially load onto the ARC complex, containing
Agol and two conserved protein Arbl and Arb2 (Buker et al., 2007; Colmenares et al.,
2007). Subsequently , the siRNA is transported to RITS to complete the siRNA amplification
cycle. Chromatin- and RNA-associated RITS also recruits the Clr4-Rik1-Cul4 (CLRC)
complex (Hong et al., 2005; Horn et al., 2005; Zhang et al., 2008), which mediates H3K9
methylation, stabilizing RITS on chromatin. Finally, full silencing of centromeric reporter
genes is mediated by a combination of transcriptional gene silencing and co-transcriptional
degradation of nascent transcripts (Buhler et al., 2007; Bihler et al., 2006; Murakami et al.,
2007).

In metazoan RNAI systems, hairpin RNAs are preferentially processed by the Dicer
ribonuclease into siRNAs, which mediate gene silencing (Meister and Tuschl, 2004). In
addition, endogenous RNAI-related systems use hairpin RNA structures to generate small
RNAs, such as microRNAs (Bartel, 2004). Hairpin RNAs, which form precursors for siRNA
generation without the requirement for enzymatic dsRNA synthesis, have provided valuable
tools for studies of the RNAi mechanism in vivo. In fission yeast, a previous study showed that
expression of a long GFP hairpin RNA results in siRNA generation and silencing of a GFP
target gene at the post-transcriptional level, but this silencing was not accompanied by changes
in chromatin structure of the target GFP locus and occurred in a RITS-independent manner
(Sigova et al., 2004).

We have previously shown that siRNAs generated by tethering of the RITS complex to the
urad* transcript act primarily in cis and could only rarely silence a second allele of ura4* in
trans (Buhler et al., 2006). In this study, we explored the potential of hairpin RNAs to induce
RNAi-dependent gene silencing and heterochromatin formation in fission yeast. We found that
long ura4* hairpin RNAs generated siRNAs independently of RDRC or heterochromatin
components, which are required for conversion of the native noncoding centromeric RNAs
into SiRNA. The ability of hairpin RNAs to induce heterochromatin formation in trans
depended on the chromosomal location of the target ura4™ gene, correlated with the presence
of antisense transcription at the target ura4* locus, and required Swi6/HP1 in a step
downstream of H3K9 methylation. Moreover, even though hairpin-siRNAs were produced in
the absence of RDRC, hairpin-induced silencing required RDRC and the dsRNA synthesis
activity of RNA-dependent RNA polymerase. These results uncover a previously unforeseen
role for Swi6/HP1 in initiation of siRNA-mediated heterochromatin assembly and suggest that
RDRC-mediated dsRNA synthesis at target loci is a key step in heterochromatin assembly with
role(s) beyond siRNA amplification.

Generation of siRNAs from a long hairpin

To gain further insight into the central role of sSiRNAs in heterochromatic gene silencing, we
designed constructs to express long hairpin RNAs complementary to the transcribed region of
the endogenous ura4* gene (ura4-h2 to -h7) from the strong S. pombe adh1 promoter and

Mol Cell. Author manuscript; available in PMC 2009 July 25.



1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=3
e
<
Y
S
c
o
Q
5

lida et al.

Page 3

integrated each construct into the chromosomal nmt1* locus (Figure 1A). Two of the longer
hairpin constructs, ura4-h4 and -h5, generated detectable siRNAs at levels comparable to
urad™ siRNAs generated by tethering RITS to the ura4™ transcript in erilA cells (Figure 1B)
(Buhler et al., 2006), which we have previously shown could act in trans to weakly induce
heterochromatin formation and silencing of a ura4* copy inserted at the leul™ locus (Buhler
et al., 2006). We focused on the ura4-h5 construct, since the shorter hairpins did not produce
detectable siRNA, and ura4-h4 was unable to induce silencing (described later). To determine
whether ura4-h5 siRNAs were loaded onto the RITS complex, we immunopurified the Chpl
and Ago1 subunits of RITS and probed them for the presence of ura4* and centromeric siRNAs
by northern blotting. As shown in Figure 1C, ura4-h5 siRNAs were present in both Chp1-
FLAG and FLAG-Agol immunoprecipitates as were cen siRNAs. It has been proposed that
the siRNAs guide RITS to specific chromosome regions to initiate heterochromatin formation
and silencing (Motamedi et al., 2004; Verdel et al., 2004). To determine whether ura4-h5
siRNAs could mediate ura4* silencing, we performed growth-silencing assays in which
reduced ura4* expression allows growth on medium containing 5-FOA. We observed no effect
on the growth of two different ura4* strains, containing ura4* at its endogenous chromosomal
location or inserted at the trp1* locus, in the presence or absence of the ura4-h5 hairpin (Figure
1D, locations 6 and 7 in Figure S1). Moreover, ura4-h5 had no effect on the levels of ura4*
RNA in cells carrying urad* at its endogenous location but consistently caused a small
reduction (<1.5-fold) in the levels of ura4™ RNA in trp1*::ura4™ cells (Figure 1D and Figure
S2). Consistent with these observations, Chromatin Immunoprecipitation (ChlP) assay of
urad* showed no significant enrichment of Swi6 and H3K9 methylation by ura4-h5
introduction (data not shown and Figure 2C middle panel). These results indicated that
urad™ hairpin siRNAs, although loaded onto the RITS complex, were not sufficient to induce
heterochromatin formation and trans-silencing at the ura4+ loci tested above.

Hairpin siRNAs act in trans to enhance heterochromatic gene silencing

The ability of SIRNAs to target nascent transcripts is likely to be linked to association of RITS
with nucleosomes that contain H3K9 methylation. In fact, Chp1l, the chromo-domain protein
subunit of RITS, binds to methylated H3K9 and its binding is required for RITS-dependent
heterochromatin assembly (Noma et al., 2004; Partridge et al., 2002; Sadaie et al., 2004).
Furthermore, RITS-mediated RDRC recruitment and dsRNA synthesis require Clr4 and H3K9-
mediated tethering to the chromosome (Motamedi et al., 2004). In order to determine whether
the ability of hairpin siRNAs to execute gene silencing requires the presence of H3K9
methylation, we took advantage of the observation that ura4™ insertions into heterochromatin
regions, such as the silent mating-type loci and pericentromeric repeats, result in
heterochromatin dependent transcriptional gene silencing (TGS) and RNA degradation known
as co-transcriptional gene silencing (CTGS)(Allshire et al., 1994; Bihler et al., 2007; Grewal
and Klar, 1996). We tested whether the ura4-h5 siRNAs could act in trans to increase the
silencing of heterochromatic ura4™ transgenes, which are usually silenced with varying
efficiencies. We introduced ura4-h5 into cells with the ura4™ gene at the silent mating-type
locus (mat3M::ura4™)(Grewal and Klar, 1996), centromeric outer repeat (otr1R::ura4*), or
innermost repeat (imrlR::ura4*)(Allshire et al., 1994). Epigenetic silencing of the ura4* gene
inserted in heterochromatic loci allows cells to grow on medium containing 5-FOA, which is
toxic to Ura4 expressing cells. However, cells carrying urad* in heterochromatin can also grow
on medium lacking uracil (-URA), depending on the strength of silencing at the particular
locus. For example, strong silencing at the matM3 and out1R loci is associated with poor growth
of cells carrying ura4™ at these loci, whereas weaker silencing at imr1R allows cells carrying
urad* at this locus to grow on —URA medium (Figure 2A). We found that ura4-h5 increased
the efficiency of the weaker silencing at imrlR::ura4*, as evidenced by reduced growth on —
URA medium (Figure 2A). Much smaller increases in ura4-h5-dependent silencing were also
evident for the mat3M::ura4* and otr1R::ura4™* loci, which were already strongly silenced in
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the absence of the hairpin (Figure 2A). Using quantitative RT-PCR, we found that the ura4-
h5 hairpin caused a 12-fold reduction in the levels of the ura4™ transcript in imrlR::ura4™*
cells (Figure 2B). However, despite this dramatic decrease in ura4* transcript levels, ura4-
h5 did not promote a detectable increase in either H3K9 methylation or Swi6 recruitment at
the imrlR::ura4™ locus (Figure 2C, bottom panel). Furthermore, increased silencing of
imrlR::ura4* was not accompanied by a decrease in RNA polymerase Il (pol I1) occupancy
(Figure 2C, bottom panel). As controls for the ChIP experiments, we observed high levels of
H3K9 methylation and Swi6 binding, and diminished pol Il occupancy at the centromeric dg
repeats and the imr1R::ura4™ transgene (Figure 2C, upper and lower panels, respectively), but
not at the endogenous ura4* locus (Figure 2C, middle panel). Thus, the ability of siRNAs to
silence is sensitive to the chromatin environment of the target gene. Moreover, increased
silencing does not result from changes in chromatin structure that would exclude pol 11 from
the imr1R::ura4* locus and is probably due to RNAi-mediated co-transcriptional degradation
of the ura4™ transcript.

In order to further examine whether the ability of ura4-h5 siRNAs to act in trans was sensitive
to specific structural features of centromeric heterochromatin, rather than unknown differences
in the structures of the cen::ura4* inserts, we tested whether ura4-h5 could induce silencing
of the imri1R::ura4* transgene in clr4A or swi6A cells. In contrast to wild-type cells (Figure
2A, upper panels), ura4-h5 did not induce silencing in either clr4A or swibA cells (Figure 2A,
bottom panels). For clr4A cells, we attributed this to the absence of H3K9 methylation, which
is required for stable RITS binding. However, swi6* deletion has little or no effect on
centromeric H3K9 methylation (Nakayama et al., 2001; Sadaie et al., 2004). Therefore,
together these results demonstrate a role for H3K9 methylation, and an additional role for Swi6
subsequent to H3K9 methylation, in siRNA-mediated trans-silencing.

Swi6 overexpression allows hairpin-dependent ectopic establishment of silent chromatin

The requirement for Swib6 in ura4-h5-mediated enhancement of silencing at the centromeric
imriR::ura4* gene prompted us to further investigate the role of Swi6 in siRNA-mediated
gene silencing. It has recently been shown that although H3K9 methylation is present at high
levels only at heterochromatic DNA regions (Cam et al., 2005), lower levels of H3K9
methylation occur throughout the genome to various degrees (Cam et al., 2005; Gordon et al.,
2007; Lan et al., 2007). Since H3K9 methylation in the absence of Swi6 did not support ura4-
h5-mediated silencing of the centromeric imr1R::ura4™* reporter (Figure 2A), we reasoned that
limiting levels of Swi6 may restrict the ability of SiRNAs to act in trans at chromosomal regions
that reside outside of heterochromatic nuclear domains. If true, Swi6 overexpression may allow
hairpin siRNAs to act in trans more readily to establish de novo H3K9 methylation. Consistent
with this idea, we found that Swi6 overexpression from the nmt1 promoter gave rise to 5-FOA-
resistant colonies in trp1*::ura4* cells in a ura4-h5-dependent manner (Figure 3A). This
silencing was not mediated by an increase in ura4-h5 hairpin siRNA levels as siRNA levels
did not increase in Swi6 overexpressing cells (Figure S3). The 5-FOA resistant clones (5-
FOAR) isolated from Swi6 overexpressing cells subsequently gave rise to robust growth on 5-
FOA medium, which suggests that once established silencing at trp1*::ura4™ locus is stably
inherited (Figure 3A, top). We next used ChIP to determine whether this silencing was
accompanied by changes in the chromatin structure of trp1*::ura4* locus. As shown in Figure
3B, silencing associated with ura4-h5 and Swi6 overexpression resulted in H3K9 methylation
and Swi6 recruitment to the trp1*::ura4* locus, suggesting that hairpin siRNAs established
heterochromatin formation at the target locus in collaboration with Swi6. Swi6 binds to
H3K9me through its chromo-domain, which is required for efficient heterochromatic gene
silencing (Nakayama et al., 2001; Sadaie et al., 2004; Bannister et al, 2001). We found that
overexpression of a chromo-domain mutant, Swi6-W104A, which impairs the ability of the
human homolog of Swi6 (HP1) to bind to H3K9me (Jacobs and Khorasanizadeh, 2002), did
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not support hairpin-mediated silencing establishment (Figure 3A). We did not observe ura4-
h5-dependent silencing of the endogenous ura4* locus even in combination with Swi6
overexpression (Figure 3A, bottom), indicating that this locus was refractory to hairpin-induced
heterochromatin formation (Figure S1, location 7). These results suggest that the binding of
Swi6 to an H3K9 methylated nucleosome, either transiently induced by hairpin siRNAs or
present at low levels prior to hairpin introduction, is required for siRNA-mediated silencing
and the amplification of H3K9 methylation.

Stable inheritance of hairpin-mediated silencing

We next determined whether continuous Swi6 overexpression was required to maintain
hairpin-induced silencing. We propagated the 5-FOAR clone on non-selective medium and
isolated clones that had lost the swi6* plasmid (Figure 3C). All such isolated clones (>10)
generated 5-FOA resistant colonies (Figure 3C, data not shown). To test whether 5-FOAR
clones stably maintained the silent state, 5-FOAR clones after 10 generations of growth (10G)
in non-selective medium, or without growth under non-selective conditions (0G), were
subjected to silencing assays. Silencing of ura4* was maintained at a similar efficiency 10
generations after loss of the Swi6 overexpressing plasmid (Figure 3D, compare 5-FOAR, 0G
with 5-FOAR, 10G). Moreover, 5-FOAR derivative clones growing on medium lacking uracil
still were able to generate 5-FOA resistant colonies, indicating that the trp1*::ura4* allele
could switch between the expressed and silent states (data not shown). In contrast, deletion of
ura4-h5 from cells carrying the 5-FOAR silent epi-allele resulted in loss of silencing (Figure
3C; Figure 3D, bottom). These results indicate that the inheritance of hairpin-induced silencing
does not require continuous Swi6 overexpression but is dependent on continuous generation
of hairpin siRNAs.

The ability of hairpin siRNAs to induce silencing correlates with antisense transcription at
the target locus

The results described above indicate that the ability of hairpin siRNAs to induce chromatin-
dependent silencing in trans is sensitive to H3K9 methylation at the target locus (Figure 2) or
the availability of Swi6 (Figure 3 A, B). However, these observations do not provide an obvious
explanation for the difference in sensitivity of the endogenous ura4* and trpl::ura4* toward
hairpin-induced silencing, and suggest the existence of other difference between these loci that
make the former refractory to hairpin-induced silencing. Apart from H3K9 methylation and
Swi6 binding, centromeric repeats are characterized by transcription from convergent
promoters that give rise to sense and antisense transcripts. These transcripts serve as templates
for dsSRNA synthesis and RNAi-mediated H3K9 methylation. Consistent with the idea that
convergent transcription may play an important role in siRNA-mediated silencing, we observed
strong ura4 antisense transcription at the trp1::ura4* locus but not at the endogenous ura4*
locus (Figure S4A and B). Moreover, the imriR::ura4™ locus, which was a strong target for
urad-h5 siRNAs (Figure 2), also displayed strong antisense transcription, particularly in
decrlA cells, inwhich RNAi-mediated processing of transgene RNAs is abolished (Figure S4C).
We further examined this correlation between hairpin-induced silencing and antisense
transcription for two copies of the ura4™ gene inserted at the leul™ locus. The first copy,
leulA::urad*, was constructed using a gene replacement strategy that resulted in replacement
of the leul* gene with the ura4* gene (Figure 4A). The second copy, leulA::ura4*/kanMX,
was constructed by replacement of the leul* gene with a ura4* kanamycin resistance cassette
(Figure 4A). We had previously observed weak trans-silencing of the leulA::ura4*/kanMX
locus in erilA cells by ura4* siRNAs that were generated by tethering of the Tas3 subunit of
the RITS complex to the RNA of the endogenous ura4* gene (Buhler et al., 2006). Surprisingly,
urad-h5 siRNAs, which were present at levels similar to those of ura4* siRNA in tethered
Tas3-AN cells (see Figure 1B), failed to induce any silencing at the leu1A::ura4™ locus (Figure
4B, upper 2 rows). However, ura4-h5 hairpin induced efficient silencing at the
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leulA::urad*/kanMX locus (Figure 4B, bottom 2 rows). Consistent with a possible role for
antisense transcription, we observed antisense transcription at the leulA::ura4*/kanMX but
not at the leulA::urad* locus (Figure 4C, compare lanes 1 and 2 with 3 and 4). These results
suggest that antisense transcription or other structural changes that are mediated by the insertion
of the kanMX antibiotic resistance marker downstream of the ura4* gene can change its
susceptibility to silencing by ectopically produced hairpin siRNAs.

Hairpin siRNA generation does not require RDRC function

The generation of centromeric siRNAs in fission yeast requires components of the RNAI
machinery as well as several heterochromatin proteins, including the CLRC H3K9
methyltransferase complex (Bihler et al., 2006; Hong et al., 2005; Motamedi et al., 2004,
Noma et al., 2004). The hairpin-dependent silencing system described above provided the
opportunity to ask whether the requirements for either SiRNA generation or hairpin-mediated
silencing were distinct from those previously described for the endogenous system at
centromeres. We were particularly interested in testing whether sSiRNA generation from the
long hairpin required RDRC or chromatin components. Northern blot analysis of ura4*
siRNAs, generated by the ura4-h5 hairpin, indicated that ura4-h5 siRNA generation required
Dcrl, Agol, Arbl, and Arb2 (Figure 5A, lanes 1-7). In contrast to centromeric sSiRNAs, hairpin
SiRNAs were generated largely independently of H3K9 methylation, as hairpin siRNA levels
were present at wild-type levels in cells lacking either the Clr4 methyltransferase or the Rik1
subunit of the CLRC complex (Figure 5A, lanes 13-14). In cells lacking the Chpl and Tas3
subunits of the RITS complex, or any of the RDRC subunits (Rdp1, Hrrl, and Cid12), we
observed intermediate levels of hairpin SiRNAs (Figure 5A, lanes 8-12). Surprisingly, SIRNA
levels were also dramatically reduced in swi6A cells (Figure 5A, lane 15). Together, these
results indicate that SiRNA generation from a long dsRNA hairpin is mediated by Dcrl and
requires the ARC chaperone complex, but occurs independently of H3K9 methylation. The
partial requirement for RITS and RDRC subunits is likely due to the role of these complexes
in generation of secondary siRNAs. The previously described H3K9me- and RITS-dependent
recruitment of RDRC to chromatin is therefore likely to be the rate limiting step in dSRNA
generation that is bypassed by the hairpin (Motamedi etal., 2004; Nomaetal., 2004). Moreover,
the presence of hairpin siRNAs in rik1A and clr4A cells but their absent in swi6A cells reveals
arole for Swi6/HP1 in RNAi and siRNA generation that is independent of H3K9 methylation.

Hairpin-induced silencing requires RDRC as well as heterochromatin factors

Since siRNA generation from ura4-h5 was partially RDRC-independent, we predicted that
urad-h5-induced silencing of the trp1™::ura4™ locus may occur independently of RDRC, but
would still require the remaining components of the pathway. As expected, silencing required
Dcrl, ARC (Agol, Arbl, and Arb2), RITS (agol, Tas3, and Chpl), and CLRC (Clr4, Rik1)
complex components (Figure 5B), which mediate sSiRNA generation from the hairpin and
would be required for heterochromatin assembly (Figure 5A and B)(Buhler et al., 2006; Buker
et al., 2007; Hong et al., 2005; Verdel et al., 2004; Volpe et al., 2002). We found that hairpin-
induced silencing was also abolished when genes encoding any subunit of RDRC were deleted
(rdplA, hrrlA, and cid12A)(Figure 5B). To determine whether the requirement for RDRC
reflected a requirement for dSRNA synthesis, we tested the effect of a catalytically inactive
Rdpl1 mutation (rdp1-D903A) on hairpin-induced silencing. As shown in Figure 5C, hairpin-
induced silencing was abolished in rdp1-D903A mutant cells. The absolute requirement for
RDRC in hairpin-mediated silencing was surprising, because hairpin sSiRNAs were still
produced in RDRC mutant cells, albeit to lower levels (Figure 5A). To further characterize the
requirement for Rdp1 hairpin siRNA generation, we used a more sensitive FLAG-Agol pull-
down assay to examine the levels of hairpin-produced siRNAs in wild type, dcrl1A, rdplA, and
rdp1-D903A mutant cells. As shown in Figure 5D, hairpin siRNA levels, bound to FLAG-
Agol, were reduced by approximately 2-fold in rdp1A and rdp1-D903A mutant cells relative
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to wild-type cells. In contrast, no centromeric SiRNAs were present in Agol pull-downs in
either rdp1 mutant (Figure 5D). As expected, no hairpin or centromeric sSiRNAs were observed
in dcrlA cells (Figure 5D). The requirement for RDRC components and Rdp1 activity in
hairpin-induced silencing suggests that dsSRNA synthesis or siRNA amplification at the target
locus may play a key role in silencing.

The requirement for Rdp1 and its activity in maintenance of hairpin-induced silencing may
reflect a requirement for dsRNA synthesis or siRNA amplification at the target ura4* locus.
Alternatively, in rdpl mutant cells the levels of hairpin SiIRNAs may be below a threshold level
required for silencing. To help distinguish between these possibilities, we sought to increase
hairpin siRNA levels in rdpl mutant cells. We have previously shown that in fission yeast
Dicer is physically and functionally linked to RDRC (Colmenares et al., 2007). We therefore
reasoned that over-expression of Dcrl in rdpl mutant cells may promote an increase in SiRNA
levels. Consistent with this reasoning, we found that overexpression of Dcrl resulted in a 1.4-
to 2-fold increase in hairpin siRNA levels in wild-type cells, although the size range of the
resulting siRNAs under conditions of Dcrl overexpression was broader (Figure 6A, compare
lanes 3 and 5 with lanes 4 and 6). Moreover, Dcrl overexpression in rdp1-D903A mutant cells
resulted in an increase in hairpin siRNAs to levels that were comparable to rdp1* cells (Figure
6A, compare lanes 5 and 8). We used the above strains to determine whether Dcrl
overexpression circumvented the requirement for Rdp1 catalytic activity. As shown in Figure
6B, rdp1-D903A cells did not support hairpin-mediated silencing of trp1*::ura4* even when
Dcrl was overexpressed. Importantly, we observed that Dcrl overexpression resulted in an
increase in hairpin-mediated silencing in rdp1* cells, as evidenced by increased growth on 5-
FOA and decreased growth on -URA medium, to levels that are comparable to the strongest
heterochromatin-dependent silencing of this ura4™ reporter gene at the centromeric otriR
region (Figure 6B, see Figure 2A for comparison). These results provide further support for
the idea that dsSRNA synthesis at the target ura4* locus plays an important role in RNAI-
mediated heterochromatic silencing.

If dSRNA synthesis at the target locus were in fact required for heterochromatin assembly, we
would expect that sSiRNAs that target the 3’ end of the ura4™ transcript would be more effective
in inducing silencing than siRNAs targeting the 5’ end of the transcript. This is because sSiRNAs
that target the 5’ end of the gene would only produce short dsRNA (Figure 6C, top). The ura4-
h4 and -h5 constructs, which target the 5” and 3’ halves of the ura4™, respectively (Figure 6C),
generated similar levels of ura4* siRNA as detected on total RNA northern blots (Figure 1 B).
However, unlike ura4-h5 siRNAs, the equally abundant siRNAs produced by ura4-h4, which
target the 5” half of ura4™, did not mediate trp1*::ura4* silencing in any of our experiments,
even in combination with Swi6 overexpression (Figure 6C, data not shown). To rule out the
possibility that ura4-h4 siRNAs may not load onto Agol and the RITS complex, we compared
the levels of ura4-h4 and -h5 siRNAs in Chpl-FLAG and Flag-Agol pull-downs. We found
that comparable levels of sSiRNAs from each hairpin were present in Chpl-FLAG and FLAG-
Agol pull-downs (Figure 6D, compare lanes 3 with 4 and 6 with 7). It is possible that
differences in RNA secondary structure at the 5’ and 3’ halves of the ura4™ target gene, or
proximity to 3’-end processing signals, affect the ability of SIRNAs to target the locus for
silencing. However, together with the results on the requirement for Rdp1 catalytic activity
(Figure 5, Figure 6A, and B), these observations support a specific role for RDRC-dependent
dsRNA synthesis in RNAi-mediated chromatin silencing. In this model, siRNAs that target
the 5’-end of ura4™* (Figure 6C) would mediate the RDRC-dependent synthesis of shorter
chromatin-bound dsRNA fragments, which may be less efficient in recruitment of H3K9
methylation.
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Discussion

The hairpin-induced silencing system presented here has provided insight into the
interdependent relationship between siRNA biosynthesis and heterochromatin assembly
mechanisms. First, expression of a long hairpin dsRNA bypasses the requirement for the
coupling of siRNA generation to heterochromatin assembly, indicating that chromatin-
dependent dsRNA synthesis may be the rate-limiting step in nuclear RNAI. Second, histone
H3K9 methylation, antisense transcription at the target locus, and Swi6/HP1 availability
greatly influence the ability of sSiRNAs to act in trans, restricting sSiRNA action to specific
chromosome regions. Third, the requirement for RNA-dependent RNA polymerase dsRNA
synthesis activity in hairpin-induced heterochromatin formation, but not hairpin-induced
siRNA generation, suggests a role for cis-dsRNA synthesis or cis-siRNA amplification at target
loci in heterochromatin assembly. Finally, the requirement for Swi6/HP1 in sSiRNA generation
independently of H3K9 methylation indicates a more direct role for Swi6/HP1 in dsSRNA/
siRNA processing than previously suspected. Below, we discuss the implications of these
finding for the mechanism of RNAi-mediated heterochromatin formation.

1dudsnueiy Joyiny [INHH

Role for antisense transcription and cis-synthesis of dsRNA in heterochromatin assembly

While HP1 overexpression ws required for hairpin-induced silencing of trp1*::ura4* locus,
the endogenous ura4* locus was refractory to ura4-h5 hairpin silencing even when Swi6/HP1
was overexpressed. The ability of hairpin siRNAs to induce silencing at these ura4* copies,
which reside on different chromosomes, and at ura4* copies inserted at the same location, the
leul™ locus, correlates with the occurrence of antisense transcription (Figure 4 and Figure S4).
A recent study showed that readthrough transcription from some fission yeast convergent gene
pairs produces antisense transcripts and results in transient heterochromatin formation in G1
phase of the cell cycle (Gullerova and Proudfoot, 2008). Such convergent transcription, which
is also observed at centromeric DNA repeats, may induce chromatin changes that poise the
trp1*::urad* and leulA::ura4*/kanMX loci for hairpin-induced heterochromatin assembly.
One possibility is that antisense transcription generates low levels of dsSRNA that mediate
H3K9 methylation. This may involve the processing of the dsRNA into siRNAs to trigger
RNAi-dependent chromatin changes. Alternatively, the dsSRNA may directly recruit the CLRC
H3K9 methyltransferase complex and H3K9 methylation.

1dudsnuey Joyiny [INHH

Additional support for a direct role for dsSRNA in heterochromatin formation comes from the
observation that RNA-dependent RNA polymerase activity is required for heterochromatin
formation even when high levels of SiRNA are generated in an Rdpl-independent manner
(Figure 6). We propose that the synthesis of dsSRNA at the target locus is required for
heterochromatin assembly and enhancement of the RNAi-heterochromatin cycle (Figure 7).
This model also provides a possible explanation for the inability of the ura4-h4 hairpin, which
targets the 5’ half of the ura4™ transcript, to induce heterochromatin formation even though it
produces siRNAs to the same level as the ura4-h5 hairpin, which targets the 3’ half of the
urad* transcript (Figure 6C). The synthesis of long dsRNA at the target locus may promote a
downstream event such as the recruitment of the CLRC methyltransferase complex (Figure 7).
In this regard, we have previously noted that the CLRC complex is architecturally similar to
the DDB DNA damage repair complex (Hong et al., 2005), which recognizes damaged DNA
through its DDB1/DDB2 beta propeller subunits. The Rik1 subunit of CLRC shares extensive
sequence similarity with DDB1 and other nucleic acid binding proteins such as the Cleavage
Polyadenylation Selectivity Factor A (CPSF-A) and may directly recognize the dsRNA that is
synthesized on chromatin. Additional contributions to CLRC recruitment may come from
protein-protein interactions between subunits of the RITS (or RDRC) and the CLRC complex.
Subunits of RITS and RDRC do in fact co-immunoprecipitate (Zhang et al., 2008; E. Hong
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and D.M., unpublished observations), although the possible dependence of this interaction on
RNA has not been examined.

Antisense transcription and dsRNA formation may play widespread roles in chromatin-
dependent gene silencing. Antisense transcripts have been implicated in chromatin-silencing
mechanisms in mammals, including imprinting of multiple genes, X-inactivation, and silencing
of the p15 tumor suppressor gene (Yang and Kuroda, 2007; Yu et al., 2007). Moreover, in
budding yeast, which lacks the RNAI system, antisense transcription regulates chromatin-
dependent silencing of the PHO84 gene during chronological aging (Camblong et al., 2007),
and a trans-acting noncoding antisense RNA has been implicated in transcriptional silencing
of the Ty1 retrotransposons (Berretta et al., 2008). We propose that the formation of dsSRNA
on chromatin-associated transcripts may be a common molecular link between diverse RNA-
dependent chromatin silencing mechanisms.

Small RNA molecules have been implicated in DNA methylation and chromatin changes in
organisms ranging from plants to fission yeast to human (Kim et al., 2006; Janowski et al.,
2006; Liu et al., 2007; Matzke and Birchler, 2005; Meister and Tuschl, 2004). While long
hairpin RNAs can induce DNA methylation at homologous sequences in some plants (Mette
et al., 2000), the ability of siRNAs to induce de novo DNA methylation in Arabidopsis is
sensitive to the presence of pre-existing chromatin modifications (Chan et al., 2006).
Furthermore, most siRNAs do not appear to induce chromatin modifications in animal cells.
The role of chromatin structure and antisense transcription in controlling the ability of SIRNAs
to mediate chromatin-dependent gene silencing described here suggests that similar processes
may be involved in regulation of RNAi-dependent chromatin silencing mechanisms in
metazoans.

The role of Swi6 in RNAi-mediated heterochromatin formation

We have previously shown that Swi6 is required for efficient sSiIRNA generation (Buhler et al.,
2006; Motamedi et al., 2004), but it has been unclear how Swi6 affects siRNAs levels. Because
the Clr4 H3K9 methyltransferase complex is also required for centromeric siRNA generation
(Hong et al., 2005; Motamedi et al., 2004; Noma et al., 2004), we had initially proposed that
the requirement for Swi6 is linked to its role in spreading and maintaining high levels of H3K9
methylation (Motamedi et al., 2004; Noma et al., 2004). However, more recent studies show
that Swi6 is not required for H3K9 methylation within centromeric repeats or the spreading of
H3K9 methylation into transgenes that are inserted into the repeats (Sadaie et al., 2004). The
results presented in the current study suggest a more direct role for Swi6 in RNAi-mediated
heterochromatin formation (Figure 7). First, Swi6 functions together with Dicer and the ARC
complex in chromatin-independent processing of hairpin RNA into siRNAs. Second, Swi6 is
required for the initial recruitment of the RNAI machinery to heterochromatin at a step
following H3K9 methylation (Figure 7). In this regard, the ability of hairpin siRNAs to enhance
the silencing of a centromeric ura4™ gene (imriR::ura4™) is Swi6-dependent, even though
Swi6 is not required for H3K9 methylation of this ura4™ insert (Sadaie et al., 2004)(T.I. and
M. Motamedi, unpublished observations). The dependence of hairpin-induced
heterochromatin formation on transient Swi6 overexpression further supports a role for Swi6
in initiation of RNAi-dependent heterochromatin formation. Finally, the ability of Swi6 to
promote hairpin-induced trans-silencing requires its chromodomain, suggesting that Swi6
localizes to chromatin via association with H3K9 methylated nucleosomes and then helps
recruit or stabilize the RNAi machinery.

The role of Swi6 in coupling of RNAi or RNA silencing mechanisms to chromosomes appears
to be conserved in metazoans. In human cells, heterochromatin localization of HP1a is sensitive
to ribonuclease treatment and requires the RNA binding ability of the hinge-domain of HP1a
(Muchardt et al., 2002). In Drosophila, HP1 physically associates with Piwi, an Argonaute
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family protein that binds to repeat-associated small RNAs, and both proteins are required for
heterochromatic gene silencing (Klenov et al., 2007; Pal-Bhadra et al., 2004). An attractive
possibility is that the RNA-binding activity of HP1 proteins provides a bridge between
heterochromatic domains and various RNA silencing pathways.

Experimental Procedures

Plasmids and yeast strains

Plasmid and yeast strain construction is described in the supplemental section. Plasmids and
yeast strains are listed in Supplemental Table S3 and Table S1, respectively.

Synthetic oligos

Synthetic DNA oligos used in this study are listed in Supplemental Table S2.

Chromatin immuneoprecipitation (ChlP)

ChIP analyses were performed as described previously (Sadaie et al., 2004) using antibodies
against Swi6 (ab14898, Abcam); di-methylated H3K9 (ab1220, Abcam); pol 11 (8WG16,
Covance). For PCR, synthetic oligo sets were used to amplify actl™ (priT102/103); ura4*
(prIT72/49); uradh-5 (priT105/106); dg (priT107/108). For ChIP analysis of 5-FOAR cells
(swi6** in Figure 3b), 5-FOAR cells harboring swi6™ plasmid cells were grown in EMMC 5-
FOA (0.05%) lacking leucine and subsequently in rich (YE supplement) media for three hour.

RNA analysis

Total RNA preparations were performed as described previously (Sadaie et al., 2004).
Subsequent small RNA preparations were done with RNeasy midi kit (Qiagen) (Buhler et al.,
2006). Ago1l associating RNAs were obtained by 3Flag-Agol purification (Buhler et al.,
2007). Chpl-Flag RNAs were purified from Chpl-5FlagHis protein immunoprecipitates.
Chp1-5FlagHis immunoprecipitations were performed as described previously (Sadaie et al.,
2004) using six-grams cells for each strain. Northern analyses were performed as described
previously (lida et al., 2006) using oligo probes for cen siRNA (Buhler et al., 2006), loading
control (snoR69 (Biihler et al., 2006)) or ura4* siRNA (prIT70-76 or priT57-82 for Figure 1b).
Semi-quantitative endpoint RT-PCR (Buhler et al., 2006) and quantitative real-time RT-PCR
(Buhler et al., 2007) were performed as described previously. Primer pairs to transcripts were
priT72/49 (urad* or DW), priT205/206 (real-time ura4* or UP) priT181/182 (actl*) and
priT207/208 (real-time actl*). For cDNA synthesis by reverse transcription (Figure S4),
priT49 (sense) and prlT205 (antisense) were used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hairpin constructs generate siRNAs but do not mediate silencing

A, Schematic diagram of hairpin constructs, ura4-h2, -h3, -h4, -h5, -h6 and -h7, of the ura4*
gene. B, siRNAs from each hairpin construct were detected by northern analysis. As a control,
siRNAs in RITS-tethered strain (ura4*-boxB tas3-AN eirlA) are also shown. C, Hairpin-
induced siRNAs associate with RITS and Agol. RNAs associated with Flag-tagged Chp1l or
Agol in urad™ cells with or without ura4-h5 were analyzed by northern blotting. D, 10-fold
serial dilutions of cells with a ura4* gene inserted at centromeric outer-repeat
(otrlR::ura4™), wild-type locus (urad*) or trpl™ promoter region (trp1*::ura4*) were spotted
on non-selective synthetic complete medium, -URA, or 5-FOA medium to monitor growth and
silencing. E, ura4™ and actl™ transcripts were analyzed by reverse-transcription (RT) PCR.
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Relative amounts of ura4*/ actl™ in ura4* or trp1*::ura4* strains were also determined by
quantitative RT-PCR (qRT-PCR) and indicated below the panels.
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Figure 2. Hairpin siRNAs can act in trans to enhance the silencing of centromeric ura4* transgenes
A, ura4-h5 enhanced silencing at heterochromatic regions. 10-fold serial dilutions of cells with
aurad™ gene at wild-type locus, or inserted at the silent mating-type locus (mat3M::ura4™),
centromeric outer-repeat (otr1R::ura4*), or innermost-repeat (imriR::ura4™) were spotted on
the indicated medium to monitor silencing as in Figure 1E. B, imrlR::ura4* and actl*
transcripts were analyzed by RT-PCR and gRT-PCR as in Figure 1D. C, ura4-h5 did not cause
a detectable change in H3K9 methylation, Swi6 localization, or RNA pol 11 occupancy at
urad* target loci. ChIP assay of ura4* or imriR::ura4* strains were performed with histone
H3K9dime, Swi6, or pol Il antibodies. Relative fold-enrichment for the heterochromatic dg
repeat or target ura4* genes versus the actl* internal control is indicated below each panel.
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Figure 3. Swi6 overexpression allows siRNAs to establish de novo H3K9 methylation and silencing
in trans in a locus-specific manner, but is only transiently required for hairpin-induced silencing
A, Swi6 overexpression allows ura4h-5 to silence trp1*::ura4* but not endogenous ura4™.
Cells harboring empty vector or the Swi6 overexpression plasmid were plated on the indicated
medium to assess growth and silencing. swi6-W104A contains a point mutation in the
chromodomain and does not support ura4-h5-mediated silencing. Asterisk (*) indicates a 5-
FOA-resistant clone isolated from trp1™::urad4* ura4h-5 cells with Swi6 overexpressing
plasmid. B, ChIP assays showing ura4-h5-dependent histone H3K9 methylation and Swi6
recruitment at trp1*::ura4* locus (bottom). The centromeric dg repeat is shown as a positive
control (top). Double asterisk (**) shows 5-FOA-resistant clone grown in 5-FOA containing
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medium as in A followed by growth on rich medium lacking 5-FOA. C, Schematic diagrams
of isolation and characterization of the trp1*::ura4™ uradh-5 epiallele. 5-FOA-resistant clones
generated by Swi6 overexpression (i) were cultured in non-selective medium to wean the Swi6-
expressing plasmid (ii). All the clones without plasmids could generate 5-FOA resistant cells
(iii) and were grown on 5-FOA medium (iv). 5-FOA resistant cells were grown for ten or more
generations under non-selective conditions (v). D, Silencing assays showing that hairpin
induced silencing was stably inherited in the absence of Swi6 overexpression but required the
continuous expression of hairpin RNA. 5-FOA resistant cells (0G) and non-selectively cultured
cells (10G) were used for silencing assays. The hairpin deleted derivatives from 5-FOA
resistant clone are shown in the lower panel.
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Figure 4. Antisense transcription at the target locus correlates with the ability of ura4-h5 hairpin
to induce silencing
A, Schematic diagram of two different ura4* replacements of leul*, leul4::ura4* and

leul4::ura4*/kanMX. The two loci are identical, except that the latter contains an ADH1
terminator and kanMX antibiotic resistance marker downstream of the inserted ura4*
sequences. a and b denote pairs of primers used for RT-PCR assays in B. B, RT-PCR assays
showing antisense transcription at the leu24::ura4*/kanMX but not the leu24::ura4™* locus.
C, Growth silencing assays showing that the ura4-h5 hairpin induced silencing at the leu24::
urad*/kanMX but not the leu24:: ura4* locus.
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Figure 5. Requirements for ura4-h5-induced siRNA generation and silencing

A, Size-fractionated small RNAs isolated from dcrlA, RITS mutants (tas3A and chplA),
RDRC mutant (rdp14, hrrl4, and cid124), CLRC mutants (clr4A and rik1A), and swi6A were
analyzed by northern blotting. B, C, Silencing assay using a cell carrying a ura4-h5 and Swi6-
induced silent copy of trp1™::ura4* and its indicated mutant derivatives. RNAi and
heterochromatin complexes are indicated on the left in panel B. D, Pull-downs assays showing
that hairpin siRNAs were associated with Agol in rdp1A and rdp1-D903A mutant cells. The
rdp1-D903A mutant is a catalytic point mutant of rdpl™.
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Figure 6. Rdp1 catalytic activity and location of siRNA target sequences control hairpin-induced
silencing

A, Overexpression of Dcrl boosted hairpin siRNA levels in both rdp1™ and rdp1-D903A cells.
B, Dcrl overexpression did not circumvent the requirement for Rdpl catalytic activity but
increased the efficiency of hairpin-induced silencing of trp1*::ura4* in rdpl* cells. C, In
contrast to the ura4-h5 hairpin, a ura4-h4 hairpin, which targets the 5° half of the ura4™
transcript did not promote trp1*::ura4™ silencing. trpl*::ura4* cells with ura4-h4 or -h5 were
tested by Swi6 overexpression as described in Figure 3A. Diagram indicates the regions of
ura4* targeted by each hairpin. D, Northern blots of pull-down assays showing that siRNAs
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produced by both ura4-h4 and ura4-h5 were loaded onto Agol and the RITS complex.
Centromeric (cen) siRNASs served as controls.
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Figure 7. The nascent transcript model for the RNAi-heterochromatin cycle

In fission yeast, heterochromatin assembly involves localization of the siRNA-amplification
loop to specific chromosome regions. Nascent noncoding transcripts (blue) serve as platforms
for the recruitment of siRNA-programmed RITS, which then recruits RDRC/Dicer and
mediates siRNA amplification. RITS/RDRC and the resulting dsRNA recruit the CLRC H3K9
methyltransferase complex, thus coupling RNAI to heterochromatin assembly. Swi6/HP1 is
required for RNAi-mediated silencing at a step subsequent to H3K9 methylation. sSiRNAs
generated from long hairpin RNA (such ura4-h5 described here) can initiate de novo
heterochromatin establishment at target loci that are associated with antisense transcription.
SiRNA generation from the hairpin bypasses the chromatin-dependent steps involving RDRC
recruitment, but still requires Swi6, Dcrl, and ARC. Convergent transcription at the
centromeric DNA repeats or other target loci (indicated by arrows below the diagram) may
contribute to RNAi-mediated heterochromatin assembly by providing a susceptible chromatin
environment or critical initial trigger such as H3K9 methylation.
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