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importantly, correlated with the appearance of H3K9me2
and Swib6 on the ura4*-GFP target locus. These results re-
veal that hairpin-derived siRNAs are sufficient to trigger
heterochromatin formation at a cognate euchromatic
locus. However, this process is still relatively inefficient:
Despite loading of abundant GFP siRNAs into Agol and
the presence of H3K9me on the ura4*-GFP locus, GFP
transcript levels remained high (Simmer et al. 2010). In
fact, greater levels of H3K9me?2 were found on the hairpin
locus than on the target gene, consistent with the idea that
RNAi-based H3K9 methylation operates most efficiently
in cis in fission yeast. It could be that the RNAi machinery
is cis restricted due to anchoring of components, such as
Chp1/RITS, to chromatin at the site of dSRNA production.
Indeed, several studies have found that the fission yeast
RNAI machinery does not mediate efficient trans silenc-
ing, suggesting it is subject to greater constraints than in
many other systems. For example, Biihler and coworkers
(2006) have shown that siRNAs derived from a hetero-
chromatic marker gene can occasionally mediate silencing
of a second copy of the same gene only if the nuclease
Eril is deleted. Similarly, hairpin constructs have been
found to mediate heterochromatin formation at target loci
only under certain circumstances, namely, when the target
locus is bidirectionally transcribed and the HP1 protein
Swi6 is overexpressed (lida et al. 2008).

In addition to siRNA-mediated initiation of heterochro-
matin, the hairpin system also allowed us to investigate an-
other unexplored aspect of RNAi in fission yeast:
“transitivity.” This process has been observed in plants and
worms and refers to the phenomenon whereby “primary”
siRNAs targeted against one part of a gene promote the gen-
eration of “secondary” siRNAs homologous to regions 3
or 5 of the initial siRNA target (Sijen et al. 2001; Vaistij et
al. 2002). Transitivity requires the activity of RNA-depen-
dent RNA polymerases (RARP) present in plants, worms,
and fungi (but not mammals). In our system (the GFP hair-
pin/ura4*-GFP target), deep sequencing revealed accumu-
lation of siRNAs corresponding not only to GFP, but also
to the ura4 coding region and 3’-untranslated region, indi-
cating secondary siRNA production on the target locus
(Simmer et al. 2010). The majority of secondary siRNAs
were 5 of the region targeted by the hairpin, suggesting
that, similar to nematodes, transitivity occurs primarily in
the 3" to 5 direction. As expected, this transitivity was de-
pendent on the fission yeast RNA-dependent RNA poly-
merase homolog Rdp1 (Simmer et al. 2010).

Several mechanisms for transitivity have been postu-
lated. In some cases in plants, optimal secondary siRNA
production requires Ago-mediated cleavage of target RNA,
presumably making it a suitable substrate for RARP activ-
ity (Allen et al. 2005; Axtell et al. 2006). Primary siRNAs
have also been proposed to act as primers for RARPs, and
there is evidence for this in cases of unidirectional (3’-5")
secondary siRNA production in plants (Moissiard et al.
2007). In Caenorhabditis elegans, RARPs are thought to
synthesize secondary siRNAs on the target template in a
cleavage- and primer-independent manner; this is sup-
ported by the fact that worm secondary siRNAs bear 5
triphosphates and are predominantly complementary to the

target RNA (Pak and Fire 2007; Sijen et al. 2007). How
secondary siRNAs are produced in fission yeast remains
unclear. We found similar levels of sense and antisense sec-
ondary siRNAs corresponding to ura4*-GFP, suggesting
a dsRNA intermediate (Simmer et al. 2010). Moreover, all
detectable centromeric siRNAs have a 5 monophosphate,
consistent with Derl-mediated cleavage, as opposed to the
5’ triphosphate associated with primary RARP products
(Djupedal et al. 2009). Rdp1 has been shown to function
in a primer-independent manner in vitro (Sugiyama et al.
2005), and inefficient posttranscriptional silencing in S.
pombe also argues against a requirement for Agol-medi-
ated transcript cleavage to prime Rdp1 activity. Together,
these observations suggest that Ago1 binding to target tran-
scripts may be sufficient to recruit Rdp1 to mediate primer-
independent second-strand synthesis, creating full-length
dsRNA molecules that are then cleaved by associated Dcrl
(Fig. 4) (Colmenares et al. 2007).

The use of these artificial siRNA triggers has revealed
details of events in heterochromatin assembly downstream
from siRNA production. They provide a demonstration that
siRNAs are sufficient to induce de novo H3K9 methylation
at a euchromatic locus but that this process is efficient only
in cis; trans silencing is clearly restricted in S. pombe. The
results also show that an initial pool of siRNAs can trigger
Rdp1-dependent production of secondary siRNAs corre-
sponding to sequences outwith the initial target; this
spreading of RNAI could increase the efficiency of hete-
rochromatin propagation along the chromatin fiber.

Figure 4. Secondary siRNA production in S. pombe. Agol
loaded with a primary siRNA is targeted to centromeric chro-
matin via base pairing with a complementary nascent transcript.
Once the Agol-containing RITS complex is engaged, it recruits
the RNA-dependent RNA polymerase Rdpl1 to the transcript as
part of the RDRC complex. Rdpl promotes primer-independent
dsRNA synthesis without the need for Agol-mediated slicing of
the transcript. Dcrl ribonuclease activity associated with Rdpl
then processes the resulting long dsRNA into secondary siRNAs.
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TETHERING CLR4 TO DNA BYPASSES RNAI
TO ESTABLISH HETEROCHROMATIN

Many studies, including the hairpin analyses described
above, support the model whereby RNAi promotes H3K9
methylation by recruiting the HMT ClIr4 to chromatin
(Moazed 2009). A prediction of this model is that direct
tethering of the chromatin-modifying machinery to DNA
would render the RNAi pathway redundant for heterochro-
matin assembly. We sought to test this hypothesis by ask-
ing whether we could reconstitute heterochromatin at an
otherwise euchromatic locus via artificial tethering of the
Clr4 HMT (Kagansky et al. 2009). A DNA-binding do-
main from the Saccharomyces cerevisiae Gal4 protein
(GBD) was fused to Clr4, and a reporter was created by
inserting three Gal4-binding sites (3xgbs) upstream of
ade6™ inserted at the ura4 locus. Although full-length teth-
ered Clr4 had no effect on ade6™ expression, tethering
Clr4 lacking its chromodomain (GBD-Clr4-Acd) clearly
resulted in silencing of the target 3xgbs-ade6™ locus,
greatly reducing ade6* expression (Kagansky et al. 2009).
Deletion of the Clr4 chromodomain impairs its recruit-
ment to endogenous heterochromatin and thus may release
limiting factors to act at the tethering site. No silencing
was observed following tethering of a Clr4 catalytic mu-
tant (GBD-clr4-Acd-H410K), indicating that silencing
was directly dependent on the activity of tethered Clr4.
Moreover, we detected H3K9me and Swi6 binding at the
tethering site, consistent with formation of “synthetic”
heterochromatin. The heterochromatin domain extended
5 kb on either side of the small (~60 bp) tethering site, re-
sulting in efficient silencing of genes flanking the 3xgbs
sequence (Kagansky et al. 2009). Thus, DNA-tethered
Clr4 was sufficient to both modify histones in the vicinity
of the tethering site and trigger propagation of heterochro-
matin along the chromosome arm (Fig. 5).

We next tested the requirement for RNAI in either es-
tablishment or maintenance of this synthetic heterochro-
matin. To test maintenance, we established GBD-clr4-
Acd-mediated silencing of the 3xgbs-ade6™ reporter in a
wild-type background and then crossed out functional
RNAI or chromatin components. Factors involved in RNAi
were found to be dispensable for maintenance of preexist-
ing silencing; this result is reminiscent of the modest part
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played by RNAI in the maintenance of heterochromatin at
endogenous loci. We then asked whether silencing could
also be established independently of RNAi by combining
the Clr4-tether and reporter constructs directly in mutant
backgrounds. Interestingly, and in contrast to what is seen
at endogenous heterochromatic loci, establishment of si-
lencing at the Clr4-tethered site is also RNAi independent.
Thus, tethering Clr4 to DNA effectively bypasses the re-
quirement for RNAI in heterochromatin formation. Con-
versely, both establishment and maintenance of synthetic
heterochromatin-based silencing are dependent on chro-
matin factors including Chp2, Rik1 (Clr4 associated), and
histone deacetylases—a prerequisite for H3K9 methyla-
tion. Surprisingly, despite associating with the synthetic
heterochromatin, the chromodomain protein Swi6 does not
actively participate in establishment or maintenance of the
silencing process. This finding supports the recent sugges-
tion that Swi6 contributes to silencing primarily through
the RNAi-dependent processing of heterochromatic tran-
scripts, possibly due to a role in anchoring nascent tran-
scripts to chromatin (Motamedi et al. 2008). No siRNAs
corresponding to 3xgbs-ade6™ were detected, supporting
the idea that DNA-tethered Clr4 can form heterochromatin
independently of RNAI. This system therefore provides a
strong indication that RNAI principally functions upstream
of Clr4 recruitment. However, Agol was enriched at the
tethered locus, suggesting that the RITS complex can lo-
calize to synthetic heterochromatin via Chpl-mediated
binding of H3K9me2. By interlinking other components,
Agol may have a structural role in heterochromatin in-
tegrity independent of RNAI activity.

We extended our study to address whether heterochro-
matin formed via tethered Clr4 can substitute for endoge-
nous pericentromeric heterochromatin in establishing a
functional centromere. A plasmid bearing only central do-
main DNA from a centromere cannot assemble a func-
tional kinetochore; flanking heterochromatin is necessary
for loading of the histone H3 variant CENP-A®! (Folco
et al. 2008). However, a modified plasmid bearing 3xgbs
sites adjacent to the central domain was found to be mi-
totically stable in cells expressing the GBD-Clr4-Acd pro-
tein. Thus, synthetic heterochromatin is sufficient to
promote loading of CENP-A"! on central core sequences
and the assembly of a functional kinetochore (Fig. 5).

Figure 5. Synthetic heterochromatin-me-
diated CENP-A“"! establishment. A GBD-
Clr4 fusion protein tethered to three
Gal4-binding sites (3xgbs) recruits the
CLRC complex to chromatin. This pro-
motes methylation of histone H3 on lysine
9 (K9), which is subsequently bound by
chromodomain proteins Swi6 and Chp2.
This synthetic heterochromatin spreads in
cis over a 10-kb region and, when assem-
bled near centromeric central core se-
quences, promotes kinetochore formation
via histone H3—variant CENP-A°"! depo-
sition. (Small solid dots) Methyl marks,
(dark shaded circles) H3 nucleosomes,
(light shaded circles) CENP-A"! nucleo-
somes. (Adapted from R. Almeida.)
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Dcrl was dispensable for mitotic stability of the plasmid,
synthetic heterochromatin can therefore substitute for both
RNAI and centromeric outer-repeat sequences to support
sister centromere cohesion and kinetochore assembly.
Thus, neither the primary DNA sequence of the outer re-
peats nor the RNAi pathway is directly required for cen-
tromere function; rather, they are necessary only to direct
heterochromatin formation, with the repeats providing a
substrate for RNA1 that serves to recruit Clr4 to chromatin.

STC1 MEDIATES RNAI-DIRECTED
HETEROCHROMATIN FORMATION

Despite extensive characterization of RNAi and hetero-
chromatin components in fission yeast, the mechanisms
coupling the RNAi machinery to chromatin effectors have
remained enigmatic. We have taken a genetic approach to
identify missing pathway components that might bridge
the gap between RNAI and chromatin modification. In a
systematic screen of fission yeast strains bearing single
gene deletions, we identified stc1™, a novel gene required
to maintain silencing of a marker gene inserted into the
heterochromatic outer repeats of centromere 1 (Bayne et
al. 2010). Cells lacking stcI* mimic phenotypes of RNA1
mutant cells: Centromeric siRNAs are undetectable,
whereas moderate levels of H3K9me are retained on the
centromeric outer repeats. This contrasts with clr4A cells,
where H3K9me is abolished, but a low level of siRNAs
remains. Like other RNAi components, Stcl is dispensa-
ble for maintenance of heterochromatin at the mating-type
locus, and moreover, the Stcl protein localizes to centro-
meric outer repeats and associates with noncoding cen-
tromeric transcripts (Bayne et al. 2010). Together, these
observations strongly implicate Stcl in the RNAi pathway.

To verify that Stcl is required specifically for RNAi-
dependent heterochromatin formation, we exploited the
synthetic heterochromatin system described above. In this
system, Clr4 artificially tethered to a euchromatic locus
can establish and maintain heterochromatin assembly in
an RNAi-independent manner. We predicted that if Stcl
functions in the RNAi pathway, its deletion should have
no effect on this synthetic heterochromatin. As expected,
like Dcrl, and in contrast to CLRC components, Stcl
proved to be dispensable for maintenance of synthetic het-
erochromatin. Surprisingly, however, tethered Clr4 could
not establish silencing in the absence of Stc1. The require-
ment for Stcl to establish silencing in this system sets it
apart from all other RNAi components tested and suggests
a unique role for Stcl that spans both RNAi and CLRC
activities. This conclusion was supported by coimmuno-
precipitation experiments, which showed that Stcl asso-
ciates with both the RNAI effector protein Agol and the
chromatin-modifying complex CLRC. Together, these
findings indicate that Stcl acts at the interface between
RNAIi machinery and chromatin-modifying activities.

In wild-type cells, Stc1 association with Agol requires
active RNAI, whereas the Stc1-CLRC interaction does not.
These observations suggest a model whereby Stcl mediates
the RNAi-dependent recruitment of CLRC to chromatin.
To test this hypothesis, we used a modified tethering system

transcript

transcript

Figure 6. Stcl connects RNAI to chromatin modification. Stcl as-
sociates with the Clr4 HMT complex CLRC, independent of
RNAi. When RNAI is active, the effector complex RITS (along
with RDRC) is targeted to pericentromeric chromatin via Agol-
bound siRNAs. Stc1 can then additionally associate with RITS on
nascent pericentromeric transcripts, thereby mediating the RNAi-
dependent recruitment of Clr4 to target chromatin and, hence, het-
erochromatin assembly. (Small solid circles) Methyl marks.

to determine whether tethering Stcl to a euchromatic DNA
region is sufficient to recruit chromatin modifiers inde-
pendently of RNAI. Stcl fused to a TetR°T DNA-binding
domain (TetR°"-Stc1) was recruited to a euchromatic ade6*
reporter gene via four adjacent fet operators (4x7etO-
ade6™). Strikingly, tethered Stcl was sufficient to induce
H3K9me at the target locus and silence ade6™ expression.
Maintenance of this tethered Stcl-mediated silencing was
dependent on all CLRC components but was independent
of the RNAi machinery; this assay demonstrates that, al-
though critical for RNAI, Stcl can recruit CLRC indepen-
dently of RNA. Further supporting this conclusion, we
found that point mutations affecting the LIM domain of
Stcl (K100A and R116A) disrupted the association of Stc1l
with Agol but did not affect its interaction with CLRC
components nor its ability to initiate heterochromatin for-
mation when tethered to DNA. By separating chromatin
modification from RNAI, this tethering assay reveals that
Agol binding and CLRC recruitment are distinct functions
of Stc1, and both are required to facilitate heterochromatin
assembly. These findings strongly support a model whereby
Stel provides the connection between RNAi and chromatin
modification: Agol engaged with nascent centromeric tran-
scripts recruits Stcl, which in turn brings the CLRC com-
plex to cognate chromatin to promote heterochromatin
assembly (Fig. 6).

CONCLUSIONS

Studies in different model organisms point to an inte-
grated role for RNAi machinery in the assembly of het-
erochromatin structures. Indeed, recent analyses have
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provided evidence of conserved links between siRNA pro-
duction and H3K9 methylation in worms and vertebrates
(Giles et al. 2010; Guang et al. 2010). Studies of fission
yeast have provided detailed mechanistic insights into this
process. However, codependency and positive feedback
between RNAi and heterochromatin components have
meant that the linear sequence of events that leads to het-
erochromatin assembly has remained unclear. The means
by which cross talk occurs between RNAi and chromatin
modification has also proven elusive.

We have used in vivo reconstitution assays to dissect the
steps that lead to heterochromatin assembly. Using a hairpin
construct as an artificial source of siRNAs, we were able to
induce transcriptional gene silencing of homologous se-
quences in trans. However, heterochromatin assembly at the
target locus was inefficient as compared with at the hairpin
locus itself, supporting a strong cis-promoting mechanism
in fission yeast. In the context of centromeric heterochro-
matin, this would suffice to efficiently induce chromatin
modifications on outer-repeat sequences. How primary
siRNAs are generated at centromeres remains an open ques-
tion. However, an interesting possibility is that endogenous
centromeric transcripts fold into natural hairpin structures
that are processed by Dcrl to generate siRNAs. Consistent
with this idea, deep sequencing has identified two highly
conserved siRNA clusters present at all three centromeres
(Djupedal et al. 2009). These siRNAs are Rdp1 indepen-
dent, as would be expected of primary siRNAs. Moreover,
secondary structure probing indicates that transcripts from
these regions are partially double stranded and can be
processed by Dicer in vitro. Thus, the ability of centromeric
noncoding RNAs to form natural hairpin structures may be
sufficient to generate siRNAs and ultimately heterochro-
matin assembly in cis. Alternatively, a recent study identi-
fied Dcrl-independent small RNAs termed “primal small
RNASs” (priRNAs) corresponding to the centromeric dg re-
peats (Halic and Moazed 2010). These small RNAs are pro-
posed to be degradation products of abundant transcripts
that associate with Agol1. Bidirectional transcription across
centromere repeats could allow priRNAs to target Agol to
complementary nascent transcripts, nucleating siRNA pro-
duction and H3K9 methylation. Whether Agol catalytic ac-
tivity is required for priRNA biogenesis remains unclear.
Interestingly, recent studies of mice and zebrafish have
characterized a Dicer-independent RNAi pathway whereby
Ago2-mediated cleavage of pre-microRNA (pre-miRNA)
generates functional miRNAs (Cheloufi et al. 2010; Ci-
fuentes et al. 2010).

Despite detailed investigations of the mechanism of
RNAi-dependent heterochromatin formation, the molec-
ular bridge connecting RNAi to chromatin modification
has proven difficult to find. However, we have recently
identified a new factor, Stcl, that appears to fulfill this
role. Stcl is a LIM-domain protein that interacts with both
the RNAI effector protein Agol and the CLRC H3K9
methylation complex. Interestingly, a family of LIM-do-
main proteins was recently found to be required for
miRNA-based silencing in human cells. These human
LIM proteins interact with both Ago proteins and transla-
tion initiation complexes, thereby facilitating miRNA-me-

diated translational repression of target transcripts (James
et al. 2010). These findings suggest a conserved role for
LIM-domain proteins in linking Ago-containing RNAI ef-
fector complexes to different gene regulation activities.
Supporting the role of Stc1 as an RNAi-adapter molecule,
DNA-tethered Stcl can bypass RNAi and directly recruit
CLRC to induce heterochromatin formation. In addition,
experiments with DNA-tethered Clr4 suggest that Stcl
performs a further function in priming CLRC activity.
How Stcl “activates” the CLRC complex is still an open
question. One possibility is that it relates to the E3 ubiq-
uitin ligase activity of CLRC that has been demonstrated
in vitro on histone H2B (Horn et al. 2005). Although the
key substrates in vivo remain unclear, it may be that H3K9
methylation depends on prior histone ubiquitination, just
as H2BK123 monoubiquitination promotes H3K79
methylation in S. cerevisiae (Ng et al. 2002). Such ubig-
uitination is potentially a key step in heterochromatin es-
tablishment that might also require Stcl.

Experiments with both DNA-tethered Clr4 and Stcl
demonstrate that when modifying enzymes are brought to
chromatin via an alternative method, the requirement for
RNAI can be bypassed. Importantly, synthetic heterochro-
matin formed in this way proved to be sufficient to estab-
lish a functional kinetochore on a plasmid-based minichro-
mosome devoid of outer-repeat sequences. These findings
indicate that the requirement for outer-repeat sequences
and RNAIi for CENP-A“"! establishment and kinetochore
assembly is fully explained by their role in nucleation of
heterochromatin. In addition, these data support the model
whereby RNAI principally functions upstream of H3K9
methylation in heterochromatin assembly. Other evidence
for this comes from assays using minichromosomes bear-
ing both central core and outer-repeat sequences, which
show that, as at endogenous loci, RNAI is dispensable for
maintenance of heterochromatin but is absolutely required
for its establishment (Folco et al. 2008). Furthermore, it is
now clear that H3K9 methylation is not essential for RNAi
because low levels of siRNAs are detectable in both c/r4A
(Bayne et al. 2010; Halic and Moazed 2010) and H3K9R
mutant cells in which H3K9 cannot be methylated
(Djupedal et al. 2009). Overall, existing data suggest that
RNAI has a critical role in initiating H3K9 methylation,
but once it has a foothold, H3K9me can propagate largely
independently of RNAi. Nevertheless, robust heterochro-
matin likely requires positive feedback between both path-
ways, possibly involving Stc1 such that H3K9me promotes
further recruitment of RNAI to reinforce heterochromatin
formation.
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