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Assembly of heterochromatin at centromeric DNA regions in the fission yeast Schizosaccharomyces pombe involves an inti-
mate interplay between chromatin modifying complexes and components of the RNAi pathway. The RNA-induced tran-
scriptional silencing (RITS) complex, containing Chpl, Agol, Tas3, and centromeric siRNAs, localizes to centromeric DNA
repeats and is required for the assembly and maintenance of heterochromatin. RITS brings together two types of molecular
recognition modules: a chromodomain protein, which binds to lysine 9 methylated histone H3 (H3K9), and Argonaute, which
binds to specific sequences by siRNA-directed base-pairing interactions. The RNA-directed RNA polymerase complex
(RDRC), composed of Rdpl, the Hrrl helicase, and the Cid12 Poly(A) polymerase family member, synthesizes double-
stranded RNA and creates the substrate for Dicer to generate siRNAs. RDRC physically associates with RITS, and both com-
plexes localize to noncoding centromeric RNAs and centromeric DNA repeats, suggesting that recognition of nascent RNA
transcripts may be involved in localization of these complexes to specific chromosome regions. In support of this possibility,
tethering of the RITS complex to the transcript of the normally euchromatic ura4” gene results in siRNA generation and
RNAi- and heterochromatin-dependent silencing of the ura4™ gene. Finally, silencing of a subset of endogenous and trans-
gene promoters within heterochromatic DNA domains occurs by RNAi-dependent degradation of nascent transcripts by a

mechanism that we have termed co-transcriptional gene silencing (CTGS).

Eukaryotic chromosomes contain two distinct types of
chromatin domains, euchromatin and heterochromatin
(Heitz 1928). Euchromatin has a decondensed appearance
during interphase and defines the gene-rich and presum-
ably transcriptionally active portion of the genome. In
contrast, heterochromatin retains the condensed appear-
ance of mitotic chromosomes during interphase and until
recently was thought to represent an inaccessible tran-
scriptionally inert state. Heterochromatin is often associ-
ated with repetitive DNA sequences and with regions near
telomeres or surrounding centromeres, and plays a central
role in gene regulation and maintenance of chromosome
stability in organisms ranging from yeast to human
(Richards and Elgin 2002; Grewal and Moazed 2003).
Mutations that perturb heterochromatin assembly there-
fore result in defects in the recruitment of cohesin to cen-
tromeric region and cause chromosome mis-segregation.
In addition, other repetitive DNA sequences, transposons,
and retroelements, which form up to half of the genomes
of many multicellular eukaryotes, are often associated
with and stabilized by heterochromatin (Henikoff 1998;
Martienssen et al. 2004). Heterochromatin-like structures
also control the expression of master developmental reg-
ulatory genes and may provide a basis for epigenetic
memory mechanisms that maintain cell identity (Paro
1993; Francis and Kingston 2001).

Studies over the past two decades have identified many
of the structural components of heterochromatin and have
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defined how these domains differ from euchromatin at the
molecular level (Moazed 2001). The basic unit of chro-
matin is the nucleosome, which is composed of 147 base
pairs of DNA wrapped about two times around an octamer
of the four basic histones, H2A, H2B, H3, and H4 (Luger
et al. 1997; Kornberg and Lorch 1999). The amino termini
of histones play a central role in gene regulation and con-
tain many posttranslational modifications, including acety-
lation and methylation of specific lysine residues
(Grunstein 1997a; Jenuwein and Allis 2001), which regu-
late the binding of non-histone structural proteins to the
nucleosome. In general, heterochromatin and euchromatin
are marked with different types of modifications and non-
histone structural proteins. For example, heterochromatic
domains contain hypoacetylated histones and methylation
on lysine 9 of the amino terminus of histone H3 (H3K9),
whereas euchromatic domains have hyperacetylated his-
tone tails and contain methylation on lysine 4 of H3
(H3K4). Importantly, the enzymes that execute histone
deacetylation and H3K9 methylation, together with the
proteins that bind the modified histone tails, are structural
components of heterochromatin (Grunstein 1997b;
Moazed 2001). This observation has given rise to models
for how large DNA domains are assembled into hete-
rochromatin by spreading of heterochromatin proteins over
large DNA domains from defined nucleation sites (Grewal
and Moazed 2003; Rusche et al. 2003; Moazed et al. 2004).
In these models, the recruitment of enzymes that modify
histone tails creates binding sites for histone-binding pro-
teins that recognize the modified histone tail. Sequential
cycles of binding and modification then drive the spreading
of heterochromatin along the chromatin fiber until barrier
elements prevent further spreading.
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A key structural component of heterochromatin is the
enzyme that methylates H3K9 (Rea et al. 2000; Bannister
et al. 2001; Lachner et al. 2001; Nakayama et al. 2001).
This enzyme is called Su(var)3-9 in Drosophila, Suv39h
in human, and Clr4 in fission yeast. The methylation of
H3K9 by Suv39h creates a binding site for the HP1 chro-
modomain protein (Bannister et al. 2001; Lachner et al.
2001). Two HPI homologs, called Swi6 and Chp2,
together with ClIr4 and several other proteins, are required
for heterochromatin formation in fission yeast (Ekwall et
al. 1996; Partridge et al. 2000; Thon and Verhein-Hansen
2000). A third fission yeast chromodomain protein, Chpl,
is also required for heterochromatin formation, and like
Swi6/HP1, recognizes methylated H3K9 and associates
with heterochromatic DNA domains (Partridge et al.
2000; Thon and Verhein-Hansen 2000). Heterochromatin
assembly also requires several histone deacetylases
(HDAC:sS), which deacetylate H3K9 and other sites to help
initiate heterochromatin assembly (Grewal 2000).

In addition to histone-binding proteins and modifying
enzymes, components of the RNA interference (RNAi) and
other RNA silencing pathways, first identified by their role
in posttranscriptional gene silencing and RNA-directed
DNA methylation in plants, are required for heterochro-
matin assembly in fission yeast (Volpe et al. 2002). The
introduction of double-stranded RNA (dsRNA) into plant
cells by transgene-containing retroviruses results in the
methylation of homologous DNA sequences and transcrip-
tional gene silencing (TGS) (Wassenegger et al. 1994). Two
other silencing pathways are also triggered by dsRNA and
share components with the RNA-directed DNA methyla-
tion pathway in plants. First, small RNAs of about 22
nucleotides in size, called microRNAs (miRNAs), are pro-
cessed from larger hairpin RNA precursors by the RNase I1I
family ribonuclease, Dicer, and mediate the translational
inactivation of mRNAs containing complementary
sequences at their 3’-untranslated regions (Carrington and
Ambros 2003). Second, long dsRNA is processed into small
interfering RNAs (siRNA) that target complementary
mRNAs for degradation (Fire et al. 1998; Hannon 2002). In
plants, fungi, and Caenorhabditis elegans, the siRNA
silencing pathway requires an RNA-directed RNA poly-
merase (RdRP) that is thought to synthesize dsSRNA and
amplify siRNAs (Baulcombe 2004). The primary function
of RdRPs may be the recognition of endogenous aberrant
RNAs that are produced from transcription of repetitive
sequences. Both miRNAs and siRNAs load onto a con-
served protein, called Argonaute, which forms the core sub-
unit of the RNA-induced silencing complex (RISC), and
uses the small RNAs as guides to find complementary
sequences (Hammond et al. 2000; Hutvagner and Zamore
2002; Baulcombe 2004). Argonaute proteins are character-
ized by conserved PAZ and PIWI domains. The PAZ
domain binds siRNA, whereas the RNase H-like PIWI
domain directly cleaves target mRNAs (Lingel et al. 2003;
Song et al. 2003; Yan et al. 2003; Meister et al. 2004).

The first indication that components of these RNA
silencing pathways function in assembly of silent or hete-
rochromatin-like domains came from studies of gene
silencing in Drosophila. Birchler and colleagues discov-
ered that repeat-induced gene silencing in Drosophila

requires components of the Polycomb group silencing pro-
teins (Pal-Bhadra et al. 2002). The founding member of
this family, Polycomb (Pc), is a chromodomain protein
that is similar to HP1/Swi6 and participates in the inacti-
vation of homeotic selector genes (Paro 1993).
Interestingly, in addition to Polycomb group proteins, this
repeat-induced gene silencing requires an Argonaute fam-
ily protein, called Piwi, and is associated with the produc-
tion of siRNAs from the repeated locus (Pal-Bhadra et al.
2002). More recently, components of the RNAi pathway
have also been identified with roles in heterochromatic
gene silencing and position-effect variegation in
Drosophila (Pal-Bhadra et al. 2004). Thus, similar to
RNA-directed DNA methylation in plants, components of
the RNAi pathway are associated with nuclear gene silenc-
ing in Drosophila. Another striking example of the role of
RNA silencing in genomic reprogramming comes from
studies of the massive DNA elimination in the somatic
macronucleus of Tetrahymena, which requires compo-
nents of both chromatin and the RNAi machinery and cor-
relates with siRNA generation (Mochizuki et al. 2002).

RNA silencing proteins, such as Dicer, Argonaute, and
RdRP, are conserved in fission yeast, which contains a sin-
gle gene that codes for each protein (dcrl™, agol™, and
rdpI™, respectively). Deletion of any one of these genes
results in loss of centromeric heterochromatin in fission
yeast (Volpe et al. 2002). Moreover, fission yeast cells con-
tain siRNAs that match the sequence of repetitive DNA
elements at centromeres, where heterochromatin assembly
is initiated (Fig. 1) (Reinhart and Bartel 2002). Consistent
with these observations, fission yeast centromeric repeats
are transcribed in both the forward and reverse directions,
suggesting a source for dSRNA that can be processed into
siRNA (Fig. 1) (Volpe et al. 2002). These observations
indicated a conserved relationship between RNA silencing
and assembly of repressive chromatin domains in fission
yeast, but the basis for this relationship was not understood.

To define the complexes and molecular interactions that
assemble and propagate heterochromatin, we have begun
a biochemical analysis of the proteins that are required for
heterochromatin formation in fission yeast. Our studies
have identified several complexes that collaborate to initi-
ate and propagate epigenetic chromatin domains in an
RNAIi- and heterochromatin-dependent manner and have
established a direct role for small RNAs in heterochro-
matin assembly. In addition, our studies have provided
insight into how small RNAs target specific chromosome
regions and have uncovered an unanticipated silencing
mechanism that appears to involve the co-transcriptional
degradation of transcripts in heterochromatin. In this
paper, we review the fission yeast RNAi and heterochro-
matin complexes and discuss experiments that provide
insight into their mechanism of action.

RITS, AN siRNA-CONTAINING
COMPLEX THAT PHYSICALLY LINKS
RNA1 TO HETEROCHROMATIN

We began our biochemical purifications by focusing
on chromodomain proteins. Purification of one such pro-
tein, Chpl, resulted in the identification of a ribonucleo-
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Figure 1. Schematic diagram of S. pombe chromosome 1. Regions surrounding the centromere and telomeres, which are packaged into
heterochromatin, are highlighted in dark gray. The central core region (cnt), composed of unique sequences, is flanked by innermost
repeats (imr) and outermost repeats (otr). The otr regions of chromosome 1 contain a single copy of each dg and dh repeats, which are
transcribed in both directions. These forward and reverse transcripts are a source of centromeric siRNA, although it is unclear whether

they base-pair directly to form dsRNA.

protein complex called the RITS (RNA-induced tran-
scriptional silencing) complex (Verdel et al. 2004). In
addition to Chpl, RITS contains the fission yeast
Argonaute protein, Agol, Tas3, and approximately 22-
to 25-nucleotide centromeric siRNAs (Fig. 2). RITS
therefore provides a direct physical link between small
RNAs, an RNAI protein, and a heterochromatin protein.
Like Agol and Chpl, the Tas3 subunit of RITS is
required for heterochromatin assembly at centromeres.
Moreover, the localization of RITS to centromeric chro-
matin is siRNA-dependent, because in dcriA cells,
which lack centromeric siRNA, the structural integrity of
RITS is maintained, but the complex devoid of siRNA no
longer cross-links to centromeric repeats (Verdel et al.
2004). This suggests that siRNAs act as guides that tar-
get the complex to specific chromosome regions by base-
pairing interactions (Fig. 3).

An important feature of the RITS complex is that it
brings together two different types of molecular recogni-
tion modules, one involving base-pairing interactions and
the other involving histone tail binding. First, the Agol
protein binds to siRNAs, which act as guides for associa-
tion with target nucleic acid sequences in RITS and the
related RISC (Verdel et al. 2004). Second, the Chp1 sub-
unit of RITS contains an amino-terminal chromodomain
that specifically binds to methylated H3K9 and localizes
throughout heterochromatic DNA domains (Partridge et
al. 2000). The Tas3 subunit is of unknown function but
contains a central approximately 130-amino acid domain
with several glycine-tryptophan repeats (Fig. 2) (referred
to as GW repeats; Eystathioy et al. 2002). Interestingly,
these repeats are also present in the human and
Drosophila GW182 protein, which has recently been
shown to interact with Agol and target it to nuclear RNA

processing bodies, called the P-bodies (Behm-Ansmant et
al. 2006). The stable association of RITS with its target
chromosome regions at centromeres appears to require
interactions that involve siRNAs as well as methylated
H3K9. For example, the association of Chpl and other
subunits of RITS with centromeric DNA regions is
greatly diminished in c¢/r4 mutant cells, which lack H3K9
methylation (Partridge et al. 2002; Noma et al. 2004). On
the basis of these observations, Verdel et al. (2004) pro-
posed that RITS associates with target chromosome
regions via base-pairing interactions and recruits the Clr4
H3K9 methyltransferase to initiate heterochromatin for-
mation. Initial H3K9 methylation is hypothesized to sta-
bilize the complex on chromatin and to promote the
recruitment of additional RNAi complexes and the
spreading of heterochromatin (Fig. 3).

In principle, siRNAs can guide the RITS complex to
specific chromosome regions via base-pairing with either
an unwound DNA double helix or nascent RNA tran-
scripts (Grewal and Moazed 2003; Verdel and Moazed
2005). There is precedent for both types of recognition
mechanisms. RNA—DNA hybrids occur during the recog-
nition of single-stranded chromosome ends by the RNA
component of telomerase, which acts as a guide that helps
localize telomerase to the chromosome end (Blackburn
1991). Examples of siRNA-RNA base-pairing are well-
documented for the RISC comlex (Hannon 2002), and
RNA-RNA base-pairing interactions that guide specific
molecular recognition events also occur during protein
synthesis and numerous RNA processing events, includ-
ing pre-mRNA splicing and snoRNA-mediated rRNA
methylation (Huttenhofer and Schattner 2006). The bio-
chemical and in vivo experiments described below pro-
vide strong support for sSiRNA—RNA interactions during
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Figure 2. Structural organization of the subunits of the RITS
complex. (4) The Chpl protein contains an amino-terminal
chromodomain that associates with methylated histone H3K9.
The Argonaute family protein, Agol, contains typical PAZ and
PIWI domains that bind to siRNA and cleave target RNAs,
respectively. (B) The Tas3 protein contains a central GW repeat
domain, which has been found in Argonaute- and RNA-binding
proteins in multicellular eukaryotes. (Modified, with permission,
from Verdel et al. 2004 [© AAAS].)

RNAi-mediated heterochromatin assembly; nonetheless,
siRNA-DNA base-pairing cannot be ruled out, as the two
mechanisms are not mutually exclusive.

RDRC AND ITS ASSOCIATION WITH RITS AND
CENTROMERIC RNA TRANSCRIPTS

RdRPs are involved in dsRNA synthesis during RNAi
(Baulcombe 2004). How these enzymes select their
RNA substrates to initiate dsSRNA synthesis is not
understood. The fission yeast RARP, Rdp1, is physically
associated with centromeric DNA repeats and is
required for heterochromatin assembly, suggesting that
it plays a direct role in this process (Volpe et al. 2002;
Sugiyama et al. 2005). Purification of Rdp1 shows that
it is associated with two other proteins, Cid12 and Hrrl,
in a complex termed RDRC (Fig. 4) (Motamedi et al.
2004). Like Rdpl itself, Hrrl and Cid12 are required for
RNAI and heterochromatin assembly (Motamedi et al.
2004). The Cid12 protein is a member of the B-family of
nucleotidyl transferases. This family includes the canoni-
cal poly(A) polymerase (PAP) and the mammalian
oligoadenylate synthetase (OAS), which as part of the
interferon response modifies dsSRNA with 2’-5” linked
oligo(A) tails to activate RNA degradation (Fig. 4)
(Justesen et al. 2000; Saitoh et al. 2002). Several members
of this family have also been implicated in regulation of
RNA metabolism. The Saccharomyces cerevisiae
homologs, Trf4 and Trf5, are involved in a nuclear
surveillance mechanism that targets aberrant RNAs, lack-
ing proper processing signals, for degradation by the
nuclear exosome complex (LaCava et al. 2005; Vanacova
et al. 2005). Purified Trf4, as well as Cid1 and Cid13, two
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Figure 3. The RITS complex composed of Chpl, Agol, Tas3,
and siRNA targets specific chromosome regions for assembly
into heterochromatin. The stable association of RITS with cen-
tromeric repeats requires both siRNAs and H3K9 methylation.
(Adapted, with permission, from Verdel et al. 2004 [© AAAS].)

cytoplasmic fission yeast family members, have poly(A)
polymerase activity in vitro, which is thought to be
involved in targeting of transcripts for degradations (Read
et al. 2002; Saitoh et al. 2002; Haracska et al. 2005).

The precise role of Cid12 in RNAi-mediated gene
silencing is unknown. The presence of Cid12 in the
RDRC suggests possible parallels between the role of
Cid12-like proteins, such as Trf4 and Trf5, in degrada-
tion of aberrant euchromatic transcripts and the target-
ing of centromeric RNAs for conversion into dsRNA.
Cid12 may help target aberrant centromeric transcripts
to RDRC rather than the exosome. In addition to being
processed into siRNA, the cleavage of RDRC-synthe-
sized dsRNA by Dicer may be part of the mechanism
that degrades heterochromatic transcripts. Alternatively,
Cid12 may modify centromeric RNAs, either before or
after dsSRNA synthesis, so that they could be recognized
by chromatin modifying complexes that initiate hete-
rochromatin assembly (Motamedi et al. 2004; see
below). Cid12-like proteins are highly conserved and
function in RNAI silencing in other organisms. Rde3, a
member of this family of nucleotidyl transferases, is
required for siRNA accumulation and RNAi in C. ele-
gans (Chen et al. 2005).

Hrrl shares weak sequence similarity to Smg2 and
Sde3, which are required for RNAi in C. elegans and
Neurospora, respectively (Motamedi et al. 2004).
However, closer relatives of Hrrl are present in other
fungi and metazoans, but their possible role in RNAIi has
not been determined (Fig. 4). It is unclear whether Hrrl
has helicase activity or, alternatively, serves as an ATPase
motor that promotes the assembly of RNAi complexes on
target RNA molecules.

To determine whether the fission yeast Rdp1 has RNA-
directed RNA polymerase activity, we carried out in vitro
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Figure 4. (4) Subunits of the RDRC. Rdpl shares nucleotidyltransferase domains with other RNA-directed RNA polymerases.
Truncations of the carboxy-terminal region of the RARP domain (A314 and A45) or substitution of D903 with A (denoted by asterisk)
abolish the in vitro activity of RDRC and in vivo RNAi-dependent heterochromatin assembly. (B) Summary of protein—protein inter-
actions between subunits of the RDRC (Rdpl, Hrrl, Cid12) and RITS (Chpl, Agol, and Tas3) complexes detected by biochemical
purifications. Straight arrows indicate interactions uncovered by mass spectrometry of mixtures of purified proteins; curved arrows
indicate interactions based on co-immunoprecipitation assays; green arrows indicate interactions that are Dicer- and Clr4-dependent.

(Adapted, with permission, from Motamedi et al. 2004 [© Elsevier].)

reactions to test whether purified RDRC could synthesize
dsRNA using a single-stranded RNA template. We found
that RDRC has template-directed RNA synthesis activity in
vitro (Motamedi et al. 2004). This activity does not require
an RNA primer but always produces cRNA products that
are the same size as the template, suggesting that the
enzyme complex begins RNA synthesis at or near the 3’end
of the template. Furthermore, an amino acid substitution in
the conserved catalytic core of the enzyme, or truncations
that remove portions of the conserved core, abolish dSRNA
synthesis activity in vitro and gene silencing in vivo, sug-
gesting that dsSRNA synthesis activity is required for hete-
rochromatin assembly (see Fig. 4) (Motamedi et al. 2004;
Sugiyama et al. 2005). The primer-independent activity of

RDRC is similar to that observed for the distantly related
Neurospora RdRP, Qdel, and raises questions about how
these enzymes recognize specific RNA substrates in vivo
(Makeyev and Bamford 2002). One possibility is that
RDRC is recruited to appropriate transcripts by an siRNA-
programmed RITS complex. Indeed, RDRC physically
interacts with the RITS complex in a Dicer- and Clr4-
dependent manner, indicating that the association requires
siRNAs and/or chromatin interactions. RDRC may there-
fore associate with RNA templates that are targeted by an
siRNA-programmed RITS to begin second-strand synthe-
sis in a primer-independent fashion. Consistent with this
hypothesis, RNA-ChIP experiments show that components
of both the RITS and RDRC complexes associate with cen-
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tromeric RNA transcripts in a Dicer- and Clr4-dependent
manner (Motamedi et al. 2004).

The requirement for Clr4 in association of RITS and
RDRC suggests that this association involves nascent,
chromatin-bound, transcripts. To determine whether cen-
tromeric RNAs are nuclear and chromatin associated, we
examined their distribution in chromatin and cytoplasmic
fractions. In contrast to actin mRNA, which is predomi-
nantly cytoplasmic, centromeric dg and dh transcripts are
exclusively associated with a chromatin pellet fraction, but
become distributed equally between chromatin and cyto-
plasmic fractions in dcrIA or clr4A cells (M. Motamedi
and D. Moazed, unpubl.). Together with the RNA-ChIP
experiments (Motamedi et al. 2004), mentioned above,
these observations demonstrate that RNAi complexes are
associated with chromatin-bound centromeric RNA tran-
scripts and support a role for the nascent transcript as a plat-
form for the initial localization of RITS and RDRC to
specific chromosome regions (Fig. 5).

THE CLRC COMPLEX CONTAINS
CLr4, Rik1, Cur4, AND PROTEINS OF
UNKNOWN FUNCTION

The studies described so far provide a possible explana-
tion for how the RNAi machinery is targeted to specific
chromosome regions (Figs. 2 and 5), but it remains unclear

cen DNA repeats

dsRNA synthesif
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Figure 5. Targeting of the nascent transcript by an siRNA-pro-
grammed RITS complex and a model for chromosome-associated
dsRNA synthesis and siRNA generation. siRNA-programmed
RITS associates with nascent pre-mRNA via base-pairing interac-
tions. The recruitment of Clr4 and methylation of H3K9 then
allow the stable association of RITS with chromatin and the
recruitment of RDRC. dsRNA synthesis by RDRC and its pro-
cessing by Dicer generate additional siRNAs, which target new
RITS complex to the chromosome and create a positive feedback
loop that helps propagate heterochromatin. (Adapted, with per-
mission, from Motamedi et al. 2004 [© Elsevier].)

how RITS and/or RDRC recruits histone modifying activ-
ities such as deacetylases and the histone H3K9 methyl-
transferase to chromatin. To understand how RNAi may
recruit the chromatin modification machinery, we have
been purifying the histone deacetylase and methyltrans-
ferase enzymes. We initially focused on the Clr4 H3K9
methyltransferase, which had previously been shown to
coimmunoprecipitate with Rik1 (Sadaie et al. 2004). Rik1
is associated with heterochromatin and is required for het-
erochromatin formation, but its function is unknown. We
chose to purify Rikl because, unlike Clr4, cells carrying
an affinity-tagged version of Rikl were phenotypically
wild type for silencing. Purification of Rik1 shows that, in
addition to Clr4, it is associated with the Cullin 4 (Cul4)
E3 ubiquitin ligase and two proteins of unknown function,
Cmcl (also called Rafl, Dosl, and Clr8) and Cmc2 (also
called Raf2, Dos2, and Clr7) in a complex that we have
named CLRC (Clr4-Rik1-Cul4)(Hong et al. 2005; Horn et
al. 2005; Jia et al. 2005; Li et al. 2005; Thon et al. 2005).
The CLRC complex is architecturally similar to other
Cullin ubiquitin ligase complexes, but its composition
does not provide a ready answer for how it is recruited to
chromatin by the RNAi pathway (Fig. 6). A possible clue
comes from the sequence similarity of Rik1 to nucleic acid
binding proteins. Rik1 is a beta propeller WD repeat pro-
tein that belongs to a subfamily of WD repeat proteins that
includes the Ddbl DNA damage protein, the CPSF-A sub-
unit of the poly(A) polymerase complex, and some splic-
ing factors (Fig. 6) (Hong et al. 2005). The Ddb1l and
CPSF-A proteins are involved in the recognition of dam-
aged DNA and polyadenylation signals, respectively
(Barabino et al. 2000; Hu et al. 2004). An intriguing pos-
sibility is that Rik1 recognizes a nucleic acid species that
is generated during the initial steps in RNAI targeting of
the genome; for example, the siRNA—nascent pre-mRNA
duplex, or the dsSRNA generated by the RDRC, or perhaps
a poly(A) tail generated by Cid12 (Motamedi et al. 2004;
Hong et al. 2005). Alternatively, the CLRC complex may
be directly recruited to chromatin through physical inter-
actions with one or more subunits of the RITS or RDRC
complexes, but these interactions may not be stable
enough to withstand biochemical isolation. The role of the
Cul4 E3 ubiquitin ligase remains to be determined, but its
association with CLRC and requirement for heterochro-
matin formation suggest that ubiquitination of one or more
proteins is required for heterochromatin assembly.
Recent evidence indicates that some H3K9 methylation
at centromeric DNA repeats occurs independently of
RNAI. In RNAi mutant cells, H3K9 methylation at cen
repeats is reduced but not abolished (Li et al. 2005;
Yamada et al. 2005). This methylation requires Clr4 and
its associated partners in the CLRC complex, suggesting
that the complex can be recruited to centromeres in an
RNAi-independent fashion. These observations provide a
possible explanation for the role of Clr4 in association of
RITS with chromatin and suggest that low levels of H3K9
methylation present at centromeres may help recruit RITS
via the chromodomain of'its Chp1 subunit. However, effi-
cient recruitment to centromeres and the spreading of
H3K9 methylation require an siRNA programmed RITS.
For example, in the absence of RNAI, reporter genes that
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Figure 6. Composition of the Clr4—Rik1-Cul4 (CLRC) complex
and its overall similarity to Cul4 ubiquitin ligase complexes that
have been implicated in DNA damage repair. In Cul4—Ddbl
complexes, damaged DNA triggers downstream ubiquitination
events that are required for repair. By analogy, dsSRNA or other
siRNA-dependent structures may activate CLRC and promote
heterochromatin assembly. (Adapted, with permission, from
Hong et al. 2005 [© Landes Bioscience].)

are inserted in centromeric repeats are active and lack
H3K9 methylation, indicating that RNAI is required for
the spreading of H3K9 methylation into the reporter gene
(Volpe et al. 2002), as well as maximal H3K9 methylation
at centromeric repeats.

MECHANISM OF siRNA GENERATION

Centromeric DNA repeats in Schizosaccharomyces
pombe are transcribed in both the forward and reverse
directions, generating overlapping transcripts that can
potentially base-pair to produce dsRNA (Fig. 1). This
dsRNA would be expected to act as a substrate for pro-
cessing by Dicer to generate siRNA. It was therefore sur-
prising to find that the requirements for siRNA generation
extend far beyond Dicer (Motamedi et al. 2004; Noma et
al. 2004). In addition to Dicer, the generation of siRNAs
absolutely requires components of the RDRC, RITS, and
CLRC complexes (Motamedi et al. 2004; Noma et al.
2004; Hong et al. 2005; Li et al. 2005). Moreover, siRNA
levels are reduced in sir2 and swi6 mutant cells
(Motamedi et al. 2004; Biihler et al. 2006). These results
clearly demonstrate that the biogenesis of heterochro-
matic siRNAs is much more complex than the simple pro-
cessing of dsSRNA generated by overlapping forward and
reverse transcripts. On the basis of the biochemical stud-
ies described above, we have proposed that dSRNA syn-
thesis and siRNA generation occur on the chromosome
and require the recruitment of the RDRC complex to
chromatin-associated centromeric transcripts by the RITS
complex (Fig. 5) (Motamedi et al. 2004).

The source of the initial trigger siRNAs remains specu-
lative. It is possible that a small amount of siRNA is in
fact produced independently of RDRC activity and begins
the positive feedback loop depicted in Figure 5. If this is
the case, these trigger siRNAs are below our current
detection limits. An alternative possibility is that the
recognition of a specific structural feature of centromeric
dg and dh transcripts by RDRC is required to initiate the
dsRNA synthesis and siRNA amplification loop.

Regardless of the mechanism, a remarkable conclusion of
the above studies is that dSRNA synthesis and siRNA
generation are chromatin-coupled events. This coupling
may be a unique feature of chromosome-associated RNAi
that distinguishes it from RNAi-mediated posttranscrip-
tional gene silencing.

TETHERING RITS TO NASCENT TRANSCRIPTS
INITIATES HETEROCHROMATIN FORMATION

The siRNA-nascent transcript model proposes that the
initial localization of RITS to the nascent transcript via
base-pairing interactions triggers the downstream events
that initiate heterochromatin assembly. We sought to test
this model by investigating whether the tethering of RITS
to the RNA transcript of a normally active euchromatic
gene could initiate heterochromatin assembly. We fused
the Tas3 subunit of RITS to AN , a phage lambda site-spe-
cific RNA-binding protein, to generate Tas3-AN and
asked whether Tas3-AN could silence the expression of a
ura4”’ gene, modified to express a transcript that con-
tained five AN-binding sites at its 3’-untranslated region
(ura4*-5BoxB) (Fig. 7) (Biihler et al. 2006). We found
that this tethering results in silencing of ura4"-5BoxB
with a similar efficiency as silencing of a ura4™ reporter
gene inserted within the centromeric repeat regions
(Biihler et al. 2006). Tethered silencing depends on com-
ponents of the RNAi pathway as well as heterochromatin
proteins Clr4, Swi6, and Sir2, thus displaying genetic
requirements that are similar to silencing at centromeres.
Furthermore, Tas3-AN silencing is accompanied by the
generation of ura4" siRNAs. These results demonstrate
that tethering RNAi components to a nascent RNA tran-
script could initiate chromatin modifications and, further-
more, show that siRNAs can be generated in a
primer-independent manner in vivo (Biihler et al. 2006).
The latter observation is consistent with earlier findings
that in vitro the RDRC complex synthesizes dsRNA in a
primer-independent manner (Motamedi et al. 2004).

The tethered silencing system and the observation that
it is accompanied by ura4" siRNA generation provided
the opportunity to ask whether the newly generated
siRNAs could act in trans to silence a second copy of
ura4”. Surprisingly, although ura4* siRNAs load onto
the RITS complex, they are incapable of silencing a sec-
ond copy of ura4” in trans (Biihler et al. 2006). This cis-

©>

AT, ura4+ TAA

L
Y 5BoxB
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Figure 7. Strategy for targeting components of the RNAIi path-
way to ura4” RNA by fusion to the phage lambda site-specific
RNA protein (AN). AN is a 30-amino acid domain that binds
tightly to an RNA stem-loop structure, called BoxB. Five BoxB
stem-loops were inserted at the 3"-untranslated region of ura4".
(Adapted, with permission, from Biihler et al. 2006 [© Elsevier].)


http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cshlp.org on November 6, 2024 - Published by Cold Spring Harbor Laboratory Press

468 MOAZED ET AL.

restriction has important implications for the mechanism
of siRNA-mediated heterochromatin assembly. First, it
indicates a fundamental difference between siRNA-medi-
ated chromatin modification mechanisms and siRNA-
and micoRNA-dependent PTGS. PTGS mechanisms
involve the action of small RNAs, associated with RISC
complexes, on cytoplasmic pools of target mRNA
(Plasterk and Ketting 2000; Bartel 2004; Filipowicz et al.
2005), and cannot in any way distinguish between mRNA
products of different alleles. cis-Restriction, on the other
hand, allows identical alleles of the same gene to exist in
different epigenetic states, on or off, within the same cell.
Second, cis-restriction suggests that siRNAs produced
from the ura4*-5BoxB transcript are produced at the site
of transcription on nascent RNA transcripts. Otherwise, it
is difficult to imagine how the resulting ura4"* siRNAs are
able to distinguish between the two ura4 " alleles (Fig. 8).

siRNAs generated on chromatin at the site of dsSRNA
synthesis may be cis-restricted because their range of
action may be limited by a threshold concentration
required for siRNA-directed initiation events. In this
regard, the RNAi response has been shown to be nega-
tively regulated by Eril, an exoribonuclease that down-
regulates siRNA levels in C. elegans (Kennedy et al.
2004). Eril is highly conserved and also negatively regu-
lates siRNA levels and heterochromatin formation in fis-
sion yeast (Iida et al. 2006). Furthermore, Eril is
responsible for the cis-restriction of Tas3-AN silencing as
deletion of eril™ results in weak Tas3-AN-dependent
silencing of a second ura4™ allele inserted on a different
chromosome (Fig. 8) (Biihler et al. 2006). This observa-
tion indicates that S. pombe siRNAs are able to initiate de
novo heterochromatin assembly, but this ability is under

strong negative control that is mediated at least in part by
siRNA degradation. Eril-mediated siRNA degradation is
likely to play a general role in preventing siRNA levels
from going beyond the threshold level required for trans
silencing and may prevent spurious siRNA-mediated
silencing of the genome.

Although siRNAs can initiate heterochromatin assem-
bly, this event appears to occur at a low frequency even in
eril A cells (Biihler et al. 2006), suggesting that other fac-
tors may limit siRNA-directed chromatin modifications
or may be required for the initiation event together with
siRNAs. One possibility is that the Clr4 H3K9 methyl-
transferase, which can be recruited to chromatin indepen-
dently of RNAi (Noma et al. 2004; Li et al. 2005),
provides an initial methyl H3K9 mark that increases the
efficiency of RITS association with its target chromo-
some regions.

CTGS AS A PRIMARY MECHANISM
OF SILENCING IN HETEROCHROMATIC
DNA REGIONS

Heterochromatin is generally viewed as the inaccessi-
ble and transcriptionally inert portion of the genome. This
view is partly based on early cytological evidence, which
defined heterochromatin as chromosome regions that
retain the condensed appearance of mitotic chromosomes
throughout the cell cycle (Heitz 1928; Richards and Elgin
2002). However, not all evidence is consistent with this
view. For example, heterochromatic domains in S. cere-
visiae are accessible to modification by exogenously
introduced dam methyltransferase and do not inhibit the
binding of RNA polymerase II (RNApII) transcription

Figure 8. Model for RNAi- and heterochro-
matin-mediated gene silencing. (4) Tethering
of the Tas3 subunit of RITS to an RNA tran-

A
m7G
eri1d trans (TGS, CTGS, PTGS)
( (2) Sir2, Clr4, Swi6 recruitment
siRNA _ = H3K9 methylation
Dcr1
. m7G
cis
(CTGS, TGS)
m7G

script via the AN-5BoxB system mimics the
association of RITS with a nascent transcript
through siRNA-dependent base-pairing inter-
actions and initiates dsRNA synthesis, sSiRNA
generation, and silencing of the gene.
Tethering of RITS mediates the degradation of
the nascent transcript (CTGS) and initiates
chromatin modifications, which can also
mediate TGS. siRNA-mediated silencing is
cis-restricted in wild-type cells, but the dele-
tion of eril™, a conserved exoribonuclease,
allows siRNAs to act in trans. (B) siRNA-
mediated trans-silencing in eri/A cells
demonstrates that RNAI can initiate de novo

Heterochromatin 1
(H3-K9 methylation) the degradation of nascent transcripts.

RNAi

heterochromatin assembly. Conversely, the
ability of RITS to bind to methylated H3K9
and to initiate primer-independent dsRNA
synthesis by RDRC suggests that heterochro-
matin may be able to initiate RNAi to promote

(Adapted, with permission, from Biihler et al.
2006 [© Elsevier].)
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preinitiation complex (Pirrotta and Gross 2005).
Similarly, the targeting of Polycomb complexes to a heat
shock reporter gene, which results in silencing by a mech-
anism that resembles heterochromatin formation, does
not prevent the association of RNApII preinitiation com-
plex with the promoter of the repressed gene (Breiling et
al. 2001; Dellino et al. 2004). Finally, centromeric DNA
repeats in S. pombe, which are assembled into hete-
rochromatin, give rise to noncoding transcripts that trig-
ger RNAI, indicating that heterochromatic DNA repeats
can be transcribed (Volpe et al. 2002).

We were interested in testing whether Tas3-AN silenc-
ing, which is accompanied by H3K9 methylation and
requires the heterochromatin machinery, involves the
inhibition of transcription (Biihler et al. 2006).
Transcription nuclear run-on experiments show no
change in ura4"-5BoxB transcription rates as a result of
silencing in Tas3-AN cells (Biihler et al. 2006).
Furthermore, chromatin immunoprecipitation experi-
ments show that silencing is not accompanied by a reduc-
tion in RNApII occupancy across the ura4*-5BoxB locus.
These observations suggest that although silencing is
accompanied by repressive chromatin modifications and
requires the heterochromatin machinery, it occurs at a
step following transcriptional initiation that is likely to
involve RNAi-dependent degradation of nascent tran-
scripts. Because the mechanism is clearly distinct from
PTGS, in that it is cis-restricted and occurs on the chro-
mosome, we have proposed the name co-transcriptional
gene silencing (CTGS) to distinguish it from classic TGS
and PTGS (Biihler et al. 2006). Importantly, CTGS is not
specific for tethered silencing. Biihler et al. (2006) also
examined the effect of RNAi-mediated heterochromatin
assembly at the endogenous dg and dh centromeric
repeats as well as at ura4 " reporter genes inserted at the
otr and imr regions of centromeres (otrIR::ura4” and
imrIR::ura4") (see Fig. 1 for map). Transcripts from both
the dg and dh repeats and the ura4' reporter genes
inserted within ofr and imr accumulate in heterochro-
matin (e.g., c/r4A) and RNAI (e.g., dcrlA) mutant cells
(Biihler et al. 2006). Strikingly, the ura4* reporter genes
and the cen-dh region are associated with similar levels of
RNApII in wild-type cells and in cells that lack dcrl ™" or
clr4”, indicating that silencing does not inhibit the associ-
ation of RNApII with these regions. However, loss of het-
erochromatin does result in a marked increase in RNApII
occupancy at the cen-dg repeats, indicating the existence
of regional differences in the mechanism of silencing.
These results are consistent with previous findings, show-
ing that loss of heterochromatin does not affect the rate of
transcription for the cen-dg reverse transcript (Volpe et al.
2002). Together, these studies suggest that RNAi-medi-
ated co-transcriptional degradation of RNA transcripts in
heterochromatin (CTGS) is the primary mechanism of
silencing for some, but not all, heterochromatic genes.

CONCLUSIONS

Studies on the mechanism of heterochromatin assembly
in fission yeast have uncovered a direct link between the
RNAi machinery and chromatin-dependent gene silenc-

ing. Key RNA silencing factors such as Argonaute, as well
as siRNAs, are associated in complexes with structural
components of heterochromatin. Moreover, the biogenesis
of dsRNA and siRNA, central players in RNA silencing
mechanisms, requires heterochromatin formation and
occurs on the chromosome. Furthermore, nascent noncod-
ing centromeric RNAs act as platforms for the siRNA-
directed assembly of RNAi and chromatin modifying
enzymes, thus revealing a previously unanticipated
genetic recognition mechanism. Finally, dissection of the
mechanism of RNAi-dependent silencing in heterochro-
matin indicates that co-transcriptional degradation of
nascent transcripts is an important component of gene
silencing in these chromosome domains. Like TGS, CTGS
involves heterochromatin assembly and the spreading of
repressive chromatin modifications such as H3K9 methy-
lation and Swi6/HP1 binding. Unlike TGS, CTGS does
not correlate with a reduction in RNApII transcription ini-
tiation rates and instead involves the degradation of
nascent transcripts. CTGS is distinguished from PTGS in
that it requires epigenetic chromatin modifications, is
chromosome-associated, and can be regulated in cis.
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