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ABSTRACT
Heterochromatic regions of the genome are epigenetically regulated to maintain a heritable ‘“silent
state”’. In fission yeast and other organisms, epigenetic silencing is guided by nascent transcripts, which
are targeted by the RNA interference pathway. The key effector complex of the RNA interference
pathway consists of small interfering RNA molecules (siRNAs) associated with Argonaute, assembled
into the RNA-induced transcriptional silencing (RITS) complex. This review focuses on our current
understanding of how RITS promotes heterochromatin formation, and in particular on the role of
Argonaute-containing complexes in many other functions such as quelling, release of RNA polymerases,
cellular quiescence and genome defense.
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Introduction

RNA interference was discovered two decades ago as
a posttranscriptional sequence-specific gene silencing
mechanism in the nematode Caenorhabditis elegans [1–3].
A few years later, transcriptional centromeric silencing in
fission yeast (Schizosaccharomyces pombe) was also found to
rely on small interfering RNA (siRNA) molecules (~21 to
24 nucleotides) and components of the RNA interference
pathway [4]. RNA interference has since been shown to be
well-conserved in the vast majority of the eukaryotes, and is
mechanistically related to other RNA silencing processes
previously described in fungi and plants, like quelling, co-
suppression, transcript processing, polymerase elongation
and release, and post-transcriptional gene silencing
(PTGS) [5–10]. In addition, RNA interference has roles
beyond cellular control of gene expression, such as in
protection of the genome against mobile repetitive DNA
sequences and more broadly on the epigenetic regulation of
eukaryotic genomes [6,7,11–13]. RNA interference also
functions as an antiviral mechanism in plants and insects
[14]. Components of the RNA interference pathway have
now been implicated in wide array of cellular functions
including growth, development, apoptosis, but have also
been implicated in non-physiological processes such as
cancer [15].

Transcription-coupled RNA interference during the assem-
bly of heterochromatin in fission yeast as a model system has
provided considerable insight in understanding the molecular
details of the process. The key factors involved in heterochro-
matin formation in higher eukaryotic species are conserved in
fission yeast [16–18], and several studies suggest that the
mechanisms of heterochromatin assembly might be conserved
from fission yeast to humans [19–22]. Heterochromatin for-
mation in fission yeast relies on the RNA interference

pathway and in particular on a complex of proteins called
RITS (RNA-induced initiation of transcriptional gene silen-
cing complex) [18]. The RITS complex contains siRNAs and
is the major effector of RNA interference. Heterochromatin
assembly is associated with large-scale chromatin condensa-
tion to regulate a variety of chromosomal processes, such as
centromere formation. Heterochromatin mediates proper seg-
regation of chromosomes and facilitates long-range chromatin
interactions between distant chromosomal regions [23–27].
Additionally, heterochromatin represses the transcription
and recombination of repetitive DNA elements, which due
to their ability to transpose or recombine with other elements
are a major cause of genomic instability [28–30].

Argonaute is the catalytic component of the RITS complex
and this review will largely focus on the role of Argonaute as
an effector of RNA interference. It is also important to note
that phylogenetically Argonautes can be divided into two
subclades: the Ago subclade and the Piwi subclade. PIWI
proteins bind a specific class of 24–32 nucleotide long small
RNAs termed PIWI-interacting RNAs (piRNAs), which can
also trigger heterochromatin formation via H3K9me and HP1
[31]. piRNAs are thought to constitute a defense against
transposable elements in the germline, where PIWI proteins
are predominantly expressed and play crucial roles in early
development. Due to space limitations, we refer the reader
interested in PIWI, piRNA biogenesis and its role in hetero-
chromatin formation to extensive reviews already available on
the subject [31–33].

Heterochromatin

Chromatin fibers, which make up chromosomes, are com-
posed of nucleosome arrays, with each nucleosome consisting
of an octamer of 4 core histones (H2A, H2B, H3, and H4),
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which are wrapped by 147 bp of double-stranded DNA [34].
Chromatin is classically considered to be organized in two
main types: euchromatin, which is largely decondensed, gene-
rich and transcriptionally active; and heterochromatin, which
is highly condensed, gene-poor and transcriptionally inactive
[35,36]. Core histone octamers bind DNA, but the amino-
terminal tails interact with other proteins and are subject to
various post-translational modifications [37]. Differences in
heterochromatin and euchromatin can be attributed to the
differences in post-translational modification of histone tails
that can change the degree of chromatin compaction and
provide docking sites for structural factors [37]. Although
different types of post-translational modification can occur
at multiple positions on the histone tails, in general, euchro-
matic regions of the genome are hyperacetylated whereas
heterochromatic sites of the genome are hypoacetylated [38–
40]. In heterochromatin acetylation is replaced by methylation
on histone H3 lysine (K) 9, histone H3K27 and on histone
H4K20; in contrast euchromatic regions are enriched for
histone H3K4 and H3K36 methylation [37,39,41].
A hallmark of heterochromatin in most eukaryotes is the
presence of H3K9 histone methylation, which serves as
a specific binding site for the highly conserved HP1 family
of chromodomain proteins [39].

RNA interference-mediated heterochromatin
formation in fission yeast

Fission yeast chromosomes contain large blocks of hetero-
chromatin at the centromeres, telomeres, mating-type region,
and at the ribosomal DNA (rDNA) locus, in addition to small
heterochromatic ‘islands’ associated with a handful of meiotic
genes (Fig. 1) [30,42]. Assembly of these heterochromatic
domains relies on a well-conserved set of histone-modifying

enzymes, histone marks and histone-binding proteins [43,44].
Amongst these regions, pericentromeric heterochromatin is
the most dependent on RNAi, while others depend only
partially on RNAi (such as telomeric heterochromatin,
mediated by Taz1) or are independent (such as heterochro-
matin islands, mediated by Mmi1, Red1 and Erh1) [45].

Heterochromatin in fission yeast is distinguished by H3K9
methylation because unlike most eukaryotes that carry a fully
functional RNA interference machinery, fission yeast lacks
DNA methylation and H3K27 methylation [46]. Histone
methylation provides a docking site for proteins that effec-
tively silence RNA polymerase transcription, recruit chroma-
tin modifiers and aid the process of establishment and
maintenance of heterochromatin assembly [47]. In fission
yeast H3K9 methylation is catalyzed by cryptic loci regulator
4 (Clr4), the homolog of Drosophila melanogaster and mam-
malian SU(VAR)3–9 [48]. The H3K9me mark in fission yeast
is bound by the four chromodomain-containing proteins
Swi6, Chp2 (which are both homologues of the vertebrates
HP1), Chp1 and Clr4 itself [49–51]. Once bound to an
H3K9me modified nucleosome, Swi6 recruits Clr4 and other
proteins including histone deacetylases (HDACs) such as
Clr3, Clr6 and Sir2, which initiates a new cycle of H3K9
methylation, histone deacetylation and histone-binding onto
adjacent nucleosomes resulting in ‘spreading’ of heterochro-
matin [18,52,53].

In fission yeast, Drosophila and plants, RNA interference can
influence gene expression at the level of chromatin in amechanism
referred to as transcriptional gene silencing (TGS) that occurs in
the nucleus [54,55]. One such role of TGS is in RNA interference
mediated heterochromatin formation [55]. Fission yeast was the
first model demonstrating this, and has proven to be a powerful
biological system to study the mechanism of RNA interference-
mediated heterochromatin formation [56]. In particular, since
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Figure 1. Sites of heterochromatin assembly in the fission yeast genome. This figure is adapted from [54] (a). Fission yeast centromeres contain a unique central
domain consisting of central core region (cnt) and inner repeat sequences (imr), which is flanked by the outer repeat elements composed of one or more tandem
array dg and dh repeats. Clusters of tRNA genes and/or IRC inverted repeats are present at the border of the pericentromeric heterochromatin. The number of dg/dh
repeats differs between each chromosome arm, from 1 (cen1L) to 7–8 (cen3R) (b). At the mating type locus, mat2 and mat3 genes are located within a 20-kb
heterochromatin domain. RNA interference regulates assembly of heterochromatin on the cenH element that shares strong homology with dg and dh centromeric
repeats. Heterochromatin can also be nucleated in an RNA interference-independent manner within the mat2P/mat3M locus, including a 2.1 Kb region between cenH
and mat3 by Atf1/Pcr1. The heterochromatic domain is restricted by boundary elements IR-L and IR- R. (c). cenH-like elements/dh-like sequences (SPAC212.11) within
tlh1 and tlh2 genes are located at subtelomeric regions, which can nucleate heterochromatin both in an RNA interference-dependent and RNA interference-
independent manner by the telomere specific factor Taz1.
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fission yeast contains a fully functional ‘canonical’ RNA interfer-
ence pathway with a single gene encoding each factor in the path-
way, it makes this system particularly amenable to genetic and
biochemical analyses of heterochromatin formation, assembly,
maintenance and its various functions [45]. Key RNA interference
proteins such as Dicer (Dcr1; the RNAse III enzyme that cleaves
double-stranded RNA into siRNAs), Argonaute (Ago1; a member
of the Argonaute family of proteins that contains the PAZ and
PIWI-domains and can bind siRNAs) and RNA-directed RNA
polymerase 1 (Rdp1, an enzyme that synthesizes double-stranded
RNA from a RNA template) are essential for centromeric hetero-
chromatin formation in fission yeast [45,57]. Mutations in any of
these genes results in loss of small RNAs, loss of most H3K9
methylation and Swi6 recruitment; accumulation of forward and
reverse transcripts of pericentromeric DNA repeats and strong
defects in chromosome segregation [4,58]. Although RNA inter-
ference contributes to the formation of heterochromatin at other
genomic regions such as at the mating type locus and the sub-
telomeric regions, deletion of dcr1Δ, ago1Δ or rdp1Δ does not
disrupt heterochromatin formation and transcriptional silencing
at the mating-type interval and telomeres [59,60]. This is because
RNA interference acts redundantly at these loci in parallel to RNA
interference-independent heterochromatin formation pathways.
At themating-type locus, two stress-response transcription factors
of the ATF/CREB family, Atf1 and Pcr1, work in parallel to RNA
interference to initiate heterochromatin formation [61,62],
whereas at the telomeres, the Taz1 protein nucleates heterochro-
matin formation in a RNA interference-independent manner
[63,64]. Silencing re-initiation at the mating-type region has
been shown to be very slow resulting in epigenetic inheritance in
wild-type cells [59,65–67]. At centromeric regions, RNAi does
initiate silencing more efficiently, where it is also required, at
least in part, for maintenance [68].

The current model of RNAi-dependent centromeric het-
erochromatin assembly relies on transcription of the centro-
meric heterochromatin during early S-phase replication
(Fig. 2) [4,66,69]. These transcripts derived from centromeric
repeats can serve as template and are converted to double-
stranded RNAs by the action of the RDRC complex, which
contains Rdp1 (Fig. 2) [42,70]. The Rdp1 polymerases are well
conserved in fission yeast, worms and plants and act in
a primer-independent fashion to generate double-stranded
RNA from single stranded centromeric transcripts to provide
template for the RNase III enzyme Dcr1 (Fig. 2) [71,72]. Dcr1,
which is associated with the RDRC complex, processes the
long double-stranded RNA into siRNAs ranging in size from
about 21 to 24 nucleotides (Fig. 2) [73]. These double-
stranded siRNAs are first loaded onto the ARC complex
(Argonaute siRNA chaperone complex), which contains
Ago1 and two other chaperone proteins, Arb1 and Arb2
(argonaute binding) (Fig. 2) [74]. Like Dicer, Argonaute is
a very well conserved protein and is characterized by the
presence of PAZ and PIWI domains separated by the MID
domain. The PAZ domain binds the 3ʹ end of the siRNA and
its 5′ phosphate end is bound by the MID domain [75–77].
Like mammalian Ago2, the fission yeast Ago1 protein has
endonucleolytic or ‘slicer’ activity, which is responsible for
the passenger strand cleavage and release from duplex
siRNA as well as cleavage of centromeric transcripts [78,79].
In the fission yeast ARC complex, Arb1 inhibits the slicer
activity of Ago1 in this complex, thus ARC contains primarily
double-stranded siRNAs [74]. These double-stranded siRNAs
are passed onto another complex termed RITS, which in
addition to Ago1 contains Chp1 and Tas3 (Figure 2) [42,74].
The slicer activity of Ago1 in the RITS complex promotes
passenger strand release from duplex siRNA, enabling this
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Figure 2. siRNA directed heterochromatin formation in fission yeast. This figure is adapted from [45,203,204] Rdp1, a member of the RDRC complex converts nascent
transcripts from repetitive regions of the genome during S phase of the cell cycle into double-stranded RNA. The RNase III–like enzyme Dcr1, can process these
double-stranded RNAs into siRNAs. These siRNAs then pass through the first Argonaute chaperone complex, ARC prior to loading into the RITS complex, where Ago1
endonuclease activity cleaves the passenger strand siRNA forming an effector complex that is recruited to chromatin by siRNA-nascent RNA base-pairing. This is
followed by the recruitment of the CLRC histone-modifier complex to chromatin to reinstate transcriptional gene silencing by Clr4-mediated H3K9 methylation. The
chromodomain protein Swi6 that along with Clr4 recruits other chromodomain proteins such as Chp1 and Chp2 then recognizes the H3K9 mark. This complex then
methylates the adjacent nucleosome thus ‘spreading’ the H3K9 heterochromatin mark in an RNA interference-independent manner. The RITS effector complex can
also target complementary nascent transcripts and recruit RDRC to promote the synthesis of double-stranded RNA.
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effector complex to target homologous RNA through base
pairing (Fig. 2) [72,80]. The mechanism(s) by which siRNAs
induce chromatin modifications are not well understood. One
possibility is that the RITS complex tethered to nascent tran-
scripts via siRNAs and/or specific factors such as the LIM
domain protein Stc1 (siRNA to chromatin) might mediate
recruitment of chromatin-modifying factors such as Clr4 to
heterochromatic repeats for H3K9 methylation (Fig. 2) [81–
83]. Methylated H3K9 nucleosomes serve as binding sites for
chromodomain proteins, including Swi6, Chp1, Chp2 and
Clr4. Chp1 binding to methylated H3K9 can further
strengthen the association between RITS and heterochroma-
tin, creating a positive feedback loop (Fig. 2) [81,82].
A second positive feedback loop is created by the binding of
Clr4 to methylated H3K9, which in turn promotes H3K9
methylation of the neighboring histones, thus allowing het-
erochromatin spreading in a sequence independent manner
[82]. It is important to note that in Clr4 chromodomain
mutants, there is a drastic reduction in H3K9me3 levels, but
not H3K9me2, in the pericentromeric DNA repeats, demon-
strating that Clr4 binding to the RNAi machinery was suffi-
cient for its recruitment and to establish H3K9me2 [84]. In
fission yeast, the formation of heterochromatin has an addi-
tional component of cell cycle regulation. The generation of
centromeric siRNAs occurs along with centromeric transcrip-
tion during S phase of the cell cycle and the siRNA-dependent
recruitment of CLRC and assembly of H3K9me2 chromatin
during late S-phase and G2-phase of the cell cycle [85]. All
components in the RDRC, RITS and CLRC complexes are
essential for robust siRNA biogenesis and efficient H3K9
methylation at pericentromeric heterochromatin. Consistent
with this, deletion of any of these RNA interference proteins
causes accumulation of transcripts from the outer repeats of
the centromere, reduced centromeric H3K9me and Swi6 loca-
lization, increased H3/H4 acetylation and chromosome mis-
segregation [58].

The RITS complex: a RNA interference effector
complex

The affinity purification of chromodomain protein Chp1
led to the identification and the subsequent biochemical
characterization of the RITS complex [54,81]. Chp1 had
previously been shown to be essential for centromeric
heterochromatin assembly since deletion mutants of
chp1Δ showed reduced CLRC activity at centromeres
albeit these mutants retained heterochromatin at the mat-
ing-type locus and at telomeres [4,59,60,86,87]. The com-
ponents of the RITS complex localize to all sites of
heterochromatin and are essential for the assembly of
centromeric heterochromatin. Deletion of chp1Δ, tas3Δ
or ago1Δ leads to disruption of heterochromatin forma-
tion and gene silencing at centromeres, and reduction of
histone H3K9 methylation and recruitment of Swi6 to
centromeres [51,68,81]. Unlike other organisms in which
small RNAs are required for stability of Argonaute com-
plexes, in fission yeast siRNAs are not critical for RITS
formation or stability; however, in dcr1Δ mutants, where
siRNAs are not produced, the RITS complex fails to

localize to pericentromeric repeats, and centromeric het-
erochromatin does not form, indicating a role for siRNAs
in targeting RITS to specific regions in the chromatin [81].
RITS recruitment to a transcript is enough to silence it,
but only if Ago1 has catalytic activity [78,88]. Thus, the
mechanism by which the RITS complex mediates the var-
ious stages of heterochromatin assembly has been an area
of intense research.

It is important to note that while Ago1 is evolutionarily
conserved, Chp1 and Tas3 are not; in fact, the related fission
yeasts Schizosaccharomyces octosporus and S. cryophilus have
a truncated Chp1 protein that does not localize to hetero-
chromatin [89], and Tas3 is only found in S. pombe and
S. japonicus [82]. However, Tas3 possesses a GW-rich
domain, a feature that is conserved in Argonaute interactors,
including GW182 proteins in mammals, Gawky in
Drosophila, AIN-1 in C. elegans, RNA polymerase IV and
RNA polymerase V in Arabidopsis [90,91], suggesting a case
of functional conservation rather than conservation at the
primary sequence level, with Argonaute as the catalytic com-
ponent of the complex. Accordingly, a mutant in which, the
GW-rich domain of RNA polymerase IV is replaced by the
GW-rich domain of GW182 is functional [91]. RISC (RNA-
induced silencing complex)–the ‘Argonaute effector’ PTGS
ribonucleoproteic complex–is localized to GW/P-bodies
along with GW182 [90], while in S. pombe, RITS, involved
in TGS, is localized to chromatin [92], via the binding of
H3K9me by the chromodomain of Chp1. Bioinformatic ana-
lyses indicate that many other GW-motif containing proteins
exist, and may therefore potentially be interacting with
Argonaute complexes [93].

Additional insights into the activities of the RITS complex
were discovered by the purification of Rdp1, which led to the
identification of a second RNA interference effector complex
known as the RNA-Directed RNA polymerase Complex
(RDRC) [72]. Rdp1 was found in complex with a putative
RNA helicase (Hrr1) and poly-A polymerase (Cid12) [72].
Rdp1 plays the primary role in the generation of double-
stranded RNA, which is subsequently processed to form
siRNAs. Although transcription of sense and anti-sense
RNA from both DNA strands can also generate double-
stranded RNA, in rdp1Δ deletion mutants no siRNAs are
detected in the RITS complex indicating that RDRC might
act upstream of RITS in the siRNA-dependent heterochroma-
tin formation pathway [72]. Like RITS, all subunits of RDRC
are critical for siRNA production and formation of hetero-
chromatin at centromeres [72,80]. Further biochemical analy-
sis also discovered a physical interaction between RDRC and
RITS that depends on Clr4 and Dcr1, suggesting RITS and
RDRC interact in the context of specific chromatin regions
i.e., in heterochromatin [72]. The physical interaction of Dcr1
and RDRC enhances the double-stranded RNA synthesis
activity of Rdp1, thus increasing the production siRNAs
[94]. Additionally, in clr4Δ cells, purified RITS contains little
or no siRNAs, RITS and RDRC fail to interact, and Rdp1 fails
to associate with centromeric DNA or RNA [72]. Put
together, these observations suggest that the RNA interference
machinery primarily acts in cis and is regulated by Clr4-
dependent H3K9 methylation.
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The structures of argonaute and the RITS complex

The first structural information on Argonaute (Fig. 3), the key
effector of the RITS complex, was provided by the structure of
the Drosophila Argonaute PAZ domain [75,76,95], followed
by the complete structure of the bacterial Argonaute from
Pyrococcus furiosus [79]. This structure showed that the
PIWI domain is similar to ribonuclease H, including con-
served catalytic amino acid residues and that Argonaute is
indeed the Slicer protein [79,96]. Fission yeast Ago1 performs
a similar catalytic role in fission yeast RITS [78]. More
recently, the structure of human AGO2 was solved [97,98].

The 5ʹ end of the small RNA binds to theMID domain and its
3ʹ end to the PAZ domain [97,99], the most mobile domain of
the protein [100]. Tryptophan-binding pockets in the PIWI
domain are the likely recognition sites for GW-motif proteins
[98]. Argonautes bind small RNAs of different sizes, ranging
from 21nt siRNAs to 40nt pre-piRNAs and the nucleic acid
binding channel differs between PIWI-family and AGO-family
Argonautes and accounts for this distinct size recognition [101].

Each Argonaute is still flexible, as seen in Mucor circinelloides
where a single Argonaute protein is necessary for the production
of three different types of small RNAs of distinct sizes [102]. In
S. pombe, Argonaute can not only bind to 21-24nt small RNAs,
but also to longer, Dicer-independent precursors known as
priRNAs, which are subsequently trimmed in a 3ʹ-to-5ʹ fashion
by the exonuclease Triman [103]. A similar mechanism was
found in C. elegans and silkworm for piRNA trimming, by
Trimmer/PARN-1 [104,105]

In S. pombe, further information on the structure of RITS
was obtained from the structure of Argonaute-associated fac-
tors, and in particular of the core platform assembled by the
Chp1/Tas3 association [106], between the C-terminal domain
of Chp1 and N-terminal domain of Tas3. In addition, the
cryo-EM structure of the Chp1 chromodomain (N-terminal),
in association with one nucleosome, gave additional insights
into its concurrent binding of H3K9me and nascent tran-
scripts [107,108]. The C-terminal domain of Tas3 contains
an alpha-helix, termed the TAM domain, which allows Tas3
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Figure 3. Structure of Argonaute. (a) Argonaute proteins are organized in 4 domains that are well-conserved from yeast to humans (>25% identity between S. pombe
and H. sapiens). (b) Structure of human Argonaute (Ago2) in complex with miR-20a showing the binding of MID to the 5ʹ end of the small RNA, and of PAZ to the 3ʹ
end [97].
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polymerization, resulting in RITS spreading; mutations in this
domain result in a strong loss of silencing and small RNA
formation [109].

In most species, small RNAs show a 5ʹ-U/A nucleotide
preference. Structural and genetic work has shown that the
MID domain contributes to this bias, such as the 5ʹ-U bias of
piRNAs [99] and the 5ʹ-U bias of AGO1-associated small
RNAs in Arabidopsis [110]. However, it has also been argued
that Argonaute is theoretically flexible enough to accommo-
date all four bases in 5ʹ [111]. One possibility is that the 5ʹ
nucleotide is used to sort different classes of small RNAs to
the appropriate Argonaute complex, as is the case in
Arabidopsis [112]. Interestingly, human AGO2 is able to
recognize chemically modified nucleotide analogs in the 5ʹ
position [113], suggesting the possibility that some small
RNAs could be 5ʹ modified in vivo. The 3ʹ end of the small
RNA is commonly modified by 2ʹ-O-methylation, catalyzed
by HEN1, as in plant miRNAs and siRNAs [114], Drosophila
piRNAs [115,116] and Tetrahymena scnRNAs [117]. In addi-
tion to the 5ʹ and 3ʹ modifications, structural work has shown
that Argonaute can tolerate a variety of nucleotide modifica-
tions within the siRNA guide [98].

The N-terminal domain of eukaryotic Argonaute proteins is
the most variable and may account for the recognition and for-
mation of distinct protein-protein complexes. However, it has
been shown recently that it could also play a key role in
Argonaute activity. Two motifs in the N-terminal domain along
with PIWI regulate RNA cleavage activity of human Argonautes
[118,119]. This discovery solved the puzzling observation that
Ago3 is catalytically inactive despite having an active PIWI
domain [118], and has allowed for re-engineering of slicer activity
in inactive human Ago1 and Ago3 [119], and Ago4 [120].

Another important contribution of theN-terminal domainwas
found in relation to distant bacterial Argonaute homologs, which
are unique in their capacity to recognize ssDNA as well as ssRNA
in a RNA-guided manner, such as inMarinitoga piezophila [121].
Accordingly, the structure of M. piezophila Argonaute also
revealed unique features of the N-terminal domain [121].

The role of the RITS complex in post-transcriptional
gene silencing

Post-transcriptional gene silencing (PTGS) differs from tran-
scriptional gene silencing (TGS) in that it does not rely on
heterochromatin formation. PTGS reduces gene expression by
transcript cleavage in the absence of chromatin modification
[122]. PTGS thus also relies on the endonucleolytic activity of
RITS [78]. In fission yeast, several protein-coding genes are
regulated by antisense small RNAs [123]. In RNAi mutants,
they are typically up-regulated at the protein level, but not at
the mRNA level, indicating that RNAi can effect translational
inhibition in fission yeast [123], although some genes (such as
cum1) are regulated at the mRNA level [124]. However, while
many loci can give rise to antisense transcription, such as
during sexual differentiation, they are not targeted by RNAi
[125], indicating that specific recruitment mechanisms must
be present to allow RNAi to degrade the transcript or inhibit
its translation. The mechanism of PTGS in fission yeast
deserves further scrutiny.

Additionally, co-transcriptional gene silencing (CTGS) by
Ago1 can occur independently of histone modification [55]. For
instance, in the context of euchromatin, efficient RNA interfer-
ence-dependent silencing can be achieved by tethering of Rik1,
a single subunit of a complex to a euchromatic transcript [126].
Artificially tethered Rik1 can recruit RITS to mediate the cleavage
of nascent transcripts via the siRNA directed endonucleolytic
activity of Ago1 [126]. Here silencing occurs independently of
any detectable H3K9 methylation, although the components of
the Rik1 complex are required [126]. It is possible that Clr4 acts
through additional non-H3K9 targets, such as Mlo3 [126]

Viral inhibitors of RITS

Most plant and animal viruses encode viral suppressors of RNA
silencing proteins (VSRs) to counter-act host antiviral RNA
interference. While most VSRs bind double-stranded RNA to
preclude its cleavage, several directly target Argonaute com-
plexes. For example, protein P1 from sweet potato mild mottle
virus binds Argonaute by a GW-domain ‘decoy’ [14], which
precludes target RNA recognition [127], protein 2b from
cucumbermosaic virus binds Argonaute and inhibits its cleavage
activity [128], and protein P0 from polerovirus binds and desta-
bilizes Argonaute, leading to its degradation [129,130] by pre-
cluding RISC formation [131]. The HIV-1 accessory protein Nef
also binds Ago2 via a GW-motif [132].

The role of argonaute in quelling

Quelling was one of the early RNA interference mechanisms
to be described in eukaryotes [133]. Quelling is induced by
repetitive transgenic sequences, resembling co-suppression
in plants, giving rise to aberrant RNA (aRNA) in
Neurospora crassa [133]. Silencing results when wild-type
isolates of N. crassa are transformed with DNA from the
carotenoid biosynthesis genes al-1 and al-3 (albino 1 and 3)
(responsible for the orange pigment of N. crassa) [133]. The
transformation resulted in pale yellow/white transformants
with reduced al mRNA levels indicating the silencing of
endogenous al genes by the transgenes [134]. The efficiency
of the quelling correlated with the high copy number of the
transgene suggesting the silencing to be a consequence of
the repetitive transgene [134]. Additionally, a reduction in
the copy number of the transgene resulted in the sponta-
neous reversion of quelled transformants to wild-type or
intermediate phenotypes [134]. Mutations of the al genes
are recessive, however the al quelled strains are dominant
over wild-type strains in heterokaryon complementation
experiments which indicates a diffusible and transacting
cytoplasmic silencing molecule to be involved in quelling
[135]. Furthermore, since quelling did not affect the levels
of pre-mRNA, this observation led to the hypothesis that
the production of aberrant RNA (aRNA) in the presence of
multi-copy of transgenes causes PTGS [135].

Subsequently, quelling-deficient (qde) mutants were iso-
lated using forward and reverse genetics approaches and
divided into three complementation groups: qde-1, qde-2
(Argonaute), and qde-3 [136–138]. Also, Dicer protein genes
dcl-1 and dcl-2, were identified [139].
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The molecular mechanism of quelling

Quelling is initiated by the integration of multiple transgene
copies, particularly tandem repeats in the genome of
Neurospora crassa. During replication, aRNA structures are
formed from these repetitive DNA sequences [140]. The
model for quelling proposes that Replication Protein
A (RPA-1) recruits QDE-3 to resolve the intermediates such
as single-stranded DNA that are formed at the sites giving rise
to aRNA [141]. QDE-3 is a RecQ helicase [138]. RecQ heli-
cases are known to be involved in DNA replication, homo-
logous recombination (HR) and DNA repair. This interaction
of single-stranded DNA-RPA1-QDE-3 blocks the formation
of DNA/RNA hybrids [141]. QDE-1, is then recruited to
single-stranded DNA by RPA-1 and QDE-3 where it first
uses its DNA-dependent RNA polymerase (DdRP) activity
to convert single-stranded DNA to aRNA and then uses its
RdRP activity to convert aRNA into double-stranded RNA
[141]. QDE-1 was the first eukaryotic RNA interference com-
ponent identified which encodes a cellular RNA-dependent
RNA polymerase [142]. The requirement of a RdRP in quel-
ling suggested that double-stranded RNA is a crucial inter-
mediate of gene silencing in vivo. The production of double-
stranded RNA activates the downstream RNA interference
pathway [141], and could theoretically be promoted by tan-
dem repeats [143]. This mechanism ensures that siRNAs are
specifically produced from repetitive DNA loci but not from
non-repetitive regions of the genome. These long double-
stranded RNAs are then processed into 25 nt siRNA duplexes
by Dicer protein [144]. Quelling in Neurospora relies on the
two partially redundant Dicer proteins (DCL-1 and DCL-2),
which process double-stranded RNA into 25 nt long siRNA in
an ATP-dependent manner [139]. The deletion of both DCL
genes completely abolishes quelling in Neurospora crassa
[139]. The siRNA molecules are then incorporated into
RISC as duplexes (inactive RISC) [145]. RISC contains
QDE-2 (Argonaute) [137] and the exonuclease QIP (QDE-2
interacting protein) which act in a two-step process to form
an active RISC [145]. First, the QDE-2-bound double-
stranded siRNA duplex is nicked by QDE-2 using its slicer
activity to release the passenger strand from the duplex to
generate a QDE-2-bound single-stranded siRNA molecule
also known as the active RISC [145]. Second, QIP degrades
the nicked passenger strand of siRNA with its exonuclease
activity [145]. The single-stranded siRNA acts as a guide
molecule to detect homologous mRNA for degradation and
silencing [137]. QDE-2 and QIP are essential components of
the quelling pathway.

Quelling can also be triggered by DNA damage in vegeta-
tive tissue. A special class of small RNA named qiRNA for
QDE-2-interacting small RNAs is induced after Neurospora
crassa is treated with a DNA damaging agent [146]. qiRNAs
are 21–23 nt in length, have a 5ʹ uridine and mostly originate
from the rDNA locus, which is a highly repetitive sequence in
the wild-type Neurospora genome [146]. It is important to
note that despite the repetitive sequence of the rDNA it is
normally protected from quelling, however in response to
certain physiological stimuli quelling can be triggered at the
rDNA. The biogenesis of qiRNAs requires QDE-1, QDE-3,

and Dicers indicating that the RNA interference machinery
upon DNA damage generates qiRNAs. Both transgene repeat
silencing (quelling) and DNA damage-induced silencing
(qiRNA) originate from aRNA precursors [146]. Also, both
quelling and qiRNA pathways appear to share the same mole-
cular machinery for silencing [146]. The repetitive nature of
the rDNA and the transgenes integration loci is the most
probable common trigger for quelling and qiRNA production
[147]. It can be speculated that since aRNA are produced in
response to DNA damage and replicative stress during
damage-induced silencing it is likely quelling could also result
from DNA damage or replication stress by transgene integra-
tion at fragile repetitive DNA sequences [147].

Role of RNA polymerase II in RNA
interference-mediated heterochromatin formation

As the end-effect of TGS is silencing – inhibition of transcrip-
tion –, a close association between RNA interference proteins
and the RNA polymerase II transcription machinery has been
suspected. Indeed, early genetic screens have unveiled that the
structural integrity of RNA polymerase II is essential for
siRNA-dependent heterochromatin formation in S. pombe
[66,69]. Point mutations in Rpb2 (second largest subunit of
RNA polymerase II) and Rpb7 (fourth largest subunit of RNA
polymerase II) subunits of RNA polymerase II have been
shown to disrupt siRNA generation and heterochromatin
formation in the pericentromere [66,69]. Since the global
transcription profile of protein-coding genes showed no
major change in either of the two RNA polymerase II point
mutants it suggested that RNA polymerase II might play
a direct role in centromeric heterochromatin formation and
structural maintenance, in conjunction with the small RNA
processing machinery [69]. Experiments done in Drosophila
suggest that RNA polymerase II transcription through cen-
tromeric heterochromatin generates a nascent transcript that
acts as a substrate for Dcr2 generating endo-siRNAs, which in
turn guides chromatin modifications at the heterochromatin
[148]. Plants, such as Arabidopsis thaliana, possess two addi-
tional RNA polymerases specifically dedicated to TGS, RNA
polymerase IV and V. RNA polymerase IV is required for
small RNA biogenesis from repetitive DNA elements [149],
while RNA polymerase V transcribes long non-coding RNAs
(lncRNAs) that associate with AGO4 [150].

In accordance with a direct role for RNA polymerase II at
heterochromatin, specific mutants in several co-transcriptional
complexes are required for efficient silencing. Indeed, specific
mutants in the Mediator complex – which bridges transcription
factors and the RNA polymerase machinery to assemble the pre-
initiation complex [151] – also lose pericentromeric silencing
[152], and the Mediator head domain is involved in the efficiency
of transcription and processing of heterochromatic transcripts
[153]. Mutants in the Sgf73 subunit of the SAGA complex disrupt
the integrity of the RITS complex and reduce binding of Ago1 at
heterochromatin, effectively resulting in loss of silencing [154].
Mutants in the cyclophilin Rct1, which interacts with the RNA
polymerase II C-terminal domain to coordinate transcription and
pre-mRNA processing [155], also lose silencing [156].
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The close association at the centromeres of the transcrip-
tion machinery and the silencing machinery has been per-
ceived as a ‘paradox’: why is a silent region transcribed? – It
was subsequently shown that transcription occurs specifically
during the S-phase of the cell cycle [157]. H3 is phosphory-
lated at Serine-10 during mitosis, which prevents Swi6/HP1
from binding H3K9 methylation, and allows an interval for
pericentromeric transcription in S-phase [157]. RNA interfer-
ence then triggers heterochromatin formation on both daugh-
ter strands, thereby allowing its epigenetic inheritance [158].
Accordingly, centromeric heterochromatin inheritance can be
retained in mutants that only partially lose silencing, and is
achieved by reducing centromeric transcription, such as in the
deletion mutant of the MYST-domain histone acetyltransfer-
ase Mst2 [159]. Conversely, inhibiting histone deacetylases by
trichostatin A results in loss of pericentromeric silencing
[160]. More recently, an additional explanation has been
proposed: while H3K9me3 is transcriptionally silent,
H3K9me2 allows recruitment of RNA polymerase II and
RNAi [84,161]

Because S-phase cells need to coordinate transcription with
the concomitant replication of the genome, the activity of the
RITS complex in silencing pericentromeric transcripts in
S-phase must be tightly co-regulated with the replication
fork. Indeed, our laboratory recently found that mutants in
RNA interference components, including the RITS complex,
have a defect in RNA polymerase II release, resulting in
accumulation of stalled RNA polymerase II over the pericen-
tromeres and at several euchromatic loci [10,162]. It has
therefore been proposed that RNA interference resolves tran-
scription-replication collisions at pericentromeric regions by
releasing RNA polymerase II in parallel with recruiting CLRC
to the replication fork [163], resulting in spreading of H3K9
methylation. In RNAi mutants, the stalled RNA polymerase II
is unable to be released, and the fork then has to bypass this
block via the activity of HR. Accordingly, a strong negative
genetic interaction is found between RNA interference
mutants and Rad51 [162]. A similar co-regulation of tran-
scription and replication occurs at the rDNA, although in this
case, only Dcr1 but not Ago1 is required [10]. Indeed, double-
mutants between Dcr1 and the rDNA-specific replication fork
terminator Reb1 [164] also display a very strong growth defect
in cycling cells [165].

RNA interference is involved in RNA polymerase
I release from rDNA in quiescent cells

We have recently identified a novel function of RNA inter-
ference in S. pombe, where RNA interference becomes
essential during quiescence [165]. Cellular quiescence is
classically defined as the state of a non-dividing (G0) cell
that still has metabolic activity and is able to re-enter the
cell cycle given the appropriate signal. This state is essential
in the life-cycle of many micro-organisms, for which the
nutritional environment is limited, but also in the context of
multi-cellular organisms where distinct sets of quiescent
cells may effect key functions; for example, in humans,
stem cells are typically quiescent [166]. In S. pombe,
a simple nutritional signal (nitrogen starvation) can be

used to shift a culture of cells into quiescence, thus making
it a good model organism for investigating the molecular
mechanisms involved in the maintenance of G0 cells
[167,168]. While wild-type cells retain near full viability
after extended periods of quiescence [167], we observed
that deletion mutants for the key RNA interference factors,
such as Dcr1, Ago1 and Rdp1, display a dramatic loss of
viability both at G0-entry and during quiescence mainte-
nance [165]. By using a suppressor screen strategy specifi-
cally designed to identify suppressors for G0-defective
strains, we were able to investigate the molecular mechan-
ism underlying this inability to maintain quiescence.

We found that in G0, dcr1Δ mutants are defective in
releasing RNA polymerase I from the rDNA repeats,
resulting in accumulation of stalled RNA polymerase
I and DNA damage (γ-H2AX S. pombe equivalent –
H2AS128Phos) [165]. This accumulation subsequently results
in over-silencing of the rDNA by H3K9 methylation, via
recruitment of the methyltransferase Clr4 and the HP1
protein Swi6. Counter-intuitively, dcr1Δ deletion mutants
therefore undergo a strong and specific over-
heterochromatinization of the rDNA. The G0 defect can
be suppressed either by reducing the accumulation
of stalled RNA polymerase I at the rDNA, such as in
a specific TBP (TATA-binding protein) mutant, by desta-
bilizing RNA polymerase I itself, such as in a deletion
mutant of the non-essential subunit A12, or downstream
by preventing the heterochromatinization of rDNA
repeats, such as in mutants in CLRC and HP1 [165].
Therefore, RNA interference plays a novel and essential
role in control of RNA polymerase I regulation.

Interesting parallels can be drawn between the defect of
dcr1Δ mutants in RNA polymerase II release from centro-
meric repeats during S-phase [10,162] and in RNA polymer-
ase I release from rDNA repeats during G0 [165]. In
particular, mutations in equivalent non-essential subunits
are able to specifically suppress defects in pericentromeric
silencing (Rpb9 and TFIIS in RNA polymerase II) [169] and
in G0 defects (A12 in RNA polymerase I) [165,170], buttres-
sing the model of an intimate association between RNA
interference and RNA polymerases.

All RNA interference deletion mutants, including deletion
mutants of the RITS complex proteins and a catalytic-dead
Dicer allele, result in the loss of viability during quiescence
maintenance. Therefore, it is likely that specific small RNAs
are involved in this function in G0. However, the comparison
of small RNA populations in wild-type and dcr1Δ mutants did
not reveal novel classes of Dcr1-dependent small RNAs [165].
It is possible that G0 small RNAs are not abundant or too
transient, and therefore below our detection limit, especially
compared to the levels of rRNA fragments, which comprise
the majority of small RNA reads from libraries in G0 cells.

RNA interference and genome stability

Recently, a novel role for RNA interference components, includ-
ing the RITS complex, has emerged in genome stability. The
maintenance of genome integrity is vital for cell and organism
survival. However, DNA is constantly under threat of damage
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both by factors generated both within the cell and externally.
DNA double strand breaks (DSBs) are a particularly cytotoxic
lesion that can cause chromosomal aberrations and threaten
cellular survival [171–175]. Exogenous sources of DSBs include
ionizing radiation (IR) and chemical toxins [176]. DSBs can be
formed as a consequence of normal cellular metabolism, in the
form of reactive oxygen species that oxidize DNA bases, as result
of DNA replication, meiotic recombination and DNA replica-
tion transcription collision [162,177,178]. Left unrepaired DSBs
would lead to genomic rearrangements, aneuploidy and/or cell
death. In order to meet the challenge in preserving genome
integrity cells have evolved with conserved recombination
mediated DNA repair pathways as a mean for repairing DSBs
and restarting replication forks, thus allowing genome duplica-
tion to continue [179]. These DNA double strand break repair
(DSBR) pathways identify and respond to the many lesions that
afflict the genetic material [180].

Two major pathways repair DSBs: non-homologous end join-
ing (NHEJ) and homologous recombination (HR). DSBR path-
ways are broadly classified based on whether a homologous
sequence is used as a template to join the broken DNA ends
[171]. NHEJ is an efficient repair pathway that functions through-
out the cell cycle however, NHEJ is considered to be error-prone
and an intrinsically mutagenic route to restart replication
[181,182]. HR is a high fidelity, template-dependent, ubiquitous
DNA repair pathway where the cell employs a homologous DNA
or near homologous (homeologous) DNA sequences as template
for the repair of the broken ends [183]. In recent years work from
our laboratory and others have discovered a new role for the
Argonaute and Dicer in homologous recombination mediated
DSBR. In this section, we summarize the discovery and functions
of these new factors and discuss the possiblemechanisms bywhich
they function in the DSBR pathway.

Depletion of Argonaute and Dicer in human cells significantly
decreases the DNA repair efficiency indicating a role for
Argonaute and Dicer in DSBR [184]. Additionally, the mamma-
lianAgo2 physically interacts with Rad51, the central recombinase
in catalyzing HR [185]. Studies in Arabidopsis and human cells
have identified production of diRNA (DSB-induced small RNA)
from sequences around the DSB site [184]. These diRNAs are
produced from sense and antisense strands of DSB proximal
sequence. Additionally, in both plants and human cells diRNAs
are associated with Argonaute and are required for efficient HR
[184,185]. As discussed in the section on quelling it is also notable
that in Neurospora crassa, qiRNAs derived from rDNA repeats
have been detected in cells treatedwithDNAdamaging agents and
small RNA in fission yeast accumulates after HU treatment [146].
These observations led to speculations that diRNAs may either
function as guide molecules by base-pairing between diRNAs and
the damaged DNA or scaffold transcripts made from the damage
sites to recruit the DNA repair factors to the site of the DSB to
facilitate repair. Since diRNAs are required for MDC1 and 53BP1
foci formation but not for γ-H2AX focus formation diRNAs may
function downstream of or in parallel to γ-H2AX to recruit DNA
repair factors onto DSB site to facilitate repair [184,186–191].
Alternatively, diRNAsmay trigger a number of chromatin changes
at the site of the DSB including DNA methylation, histone mod-
ifications and these modifications may facilitate DSB repair
[192,193].

However, in fission yeast no diRNAs were found at the site
of DSBs (Martienssen laboratory unpublished data).
Additionally, RNAi mutants have not been recovered from
DNA repair screens nor have they been found in a recent
DSB-interacting proteome [194]. In both fission yeast and
human cells, diRNAs are not necessary for the Argonaute-
Rad51 interaction suggesting a possible function for
Argonaute in DSBR that is independent of its catalytic activity
[185]. It is important to note that HR proteins are required for
quelling and meiotic silencing by unpaired DNA (MSUD) in
Neurospora indicating additional evidence of crosstalk
between RNAi and DNA repair [195,196]. Furthermore,
a recent paper reports a role for Rad51 and Rad54 in promot-
ing gene silencing in fission yeast centromeres, suggesting
a role for HR in centromeric heterochromatin structural
maintenance [197]. In conclusion, while RITS/RNAi and
DNA repair proteins are associated, and affect each other’s
function, the role of this association is still unclear.

Conclusion

After the identification of Argonaute over a decade ago as the
‘Slicer’ in PTGS and TGS, it is now clear that it plays many
more roles along with other RNA interference factors. In
particular, there is now evidence of a functional association
of RNA interference proteins with RNA polymerase II
[10,162], with RNA polymerase I [165], and with DNA poly-
merase ε [163,198], along with the silencing CLR complex.
This reveals complex interactions between the transcription
machinery and the silencing machinery in the control of gene
expression and heterochromatin formation.

Another puzzling novel function of Argonaute and RNAi
lies in the DNA damage response and DNA repair. While the
precise molecular mechanism is not yet understood, this
association raised the possibility that misregulation of RNAi
may be tumorigenic. Indeed, a rare syndrome known as the
‘DICER1 syndrome’ occurs in patients harboring mutations in
the Dicer1 gene, and is characterized by a high incidence of
several cancers, in particular pleuropulmonary blastoma and
Sertoli-Leydig ovarian cell tumors [199]. Notably, DICER1
mutations are frequently found in addition to biallelic TP53
mutations [200]. It has also appeared that RNAi plays
a specific role at the rDNA locus, with distinct requirements
in dividing and non-dividing cells [10,165,170]. In particular,
its function becomes essential in non-dividing cells [165]. As
misregulation of rDNA transcription is a recurring character-
istic in cancer, ageing and disease [201], it will be interesting
to study whether the RITS complex also contributes to these
effects.

As Argonaute and Dicer proteins arose independently in
evolution, with Argonaute deriving from an archaeal pAgo
and Dicer from an ERCC4-like helicase [202], it is possible
that their contribution will be distinct in DNA repair.

Overall, the accumulation of novel roles played by the
RITS complex promises many avenues of research in the
next decade (Fig. 4). In particular, a future question for the
field will be to delineate precisely the molecular mechanisms
by which the RITS complex – and RNA interference – med-
iates its multiple, novel, non-canonical cellular functions.
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