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PERSPECTIVE

RNAi genes pave their own way

Leonie M. Kamminga and René F. Ketting1

Hubrecht Institute-KNAW, University Medical Centre Utrecht, 3584 CT Utrecht, The Netherlands

Heterochromatin formation in fission yeast and the role
of RNAi in this process have been intensively studied. So
far, however, nothing is known about the regulation of
expression of RNAi components during these events.
Gullerova and colleagues (pp. 556–568) reveal an auto-
regulatory loop that regulates the expression of RNAi genes
and centromeric heterochromatin formation during the
cell cycle. Gene orientation plays a surprising role in this
process.

RNAi in the fission yeast Schizosaccharomyces pombe
is involved in the proper functioning of centromeres, and,
in the absence of RNAi, cells display major defects in
chromosome segregation. In particular, RNAi is required
to establish and maintain heterochromatin at the peri-
centromeric regions (Martienssen et al. 2005; Kloc and
Martienssen 2008; Grewal 2010). In order to properly
assemble this heterochromatin, different histone-modi-
fying enzymes and the RNAi machinery are required in
a coordinated fashion (Fig. 1A). dsRNAs are produced by
the RNA-dependent RNA polymerase complex (RDRC;
containing, amongst others, Rdp1) (Motamedi et al. 2004).
Dicer (Dcr1) processes this dsRNA into siRNAs that are
taken up and loaded into the argonaute protein Ago1 in
the context of a complex named ARC (Buker et al. 2007).
Ago1, loaded with this siRNA, then becomes part of
another complex: the RNA-induced transcriptional silenc-
ing complex (RITS), consisting ofAgo1,Chp1, and a protein
named Tas3 (Motamedi et al. 2004; Noma et al. 2004;
Verdel et al. 2004). RITS then targets nascent transcripts
that are made at the pericentromeric loci and again re-
cruits RDRC, establishing a feed-forward loop that am-
plifies the RNAi response. RITS also recruits, through the
protein Stc1 (Bayne et al. 2010), a complex (CLRC) con-
taining an enzyme (Clr4) that catalyzes the methylation of
Lys 9 of histoneH3 (H3K9me) (Hong et al. 2005; Horn et al.
2005; Jia et al. 2005). The HP1-like protein Swi6 can bind
this histonemark, resulting in heterochromatin formation
(Noma et al. 2004;Motamedi et al. 2008). In addition, RITS
itself binds to H3K9me through Chp1, strengthening its
interactionwith the targeted locus. Finally, Swi6 promotes

further spreading of heterochromatin through the recruit-
ment of the protein complex SHREC (Sugiyama et al.
2007). Altogether, this network of events results in com-
pact heterochromatin formation at the pericentromeric
regions.
However, this very same model also poses a problem. If

the pericentromeric regions are indeed transcriptionally
silenced, how can nascent transcripts be produced from
them? This issue has been partly resolved by the finding
that pericentromeric chromatin structure and transcrip-
tional activity change during the cell cycle (Chen et al.
2008; Kloc et al. 2008). There is a short ‘‘window of op-
portunity’’ during the S phase of the cell cycle, in which
centromeric transcripts are made. This opportunity seems
to arise through the displacement, just before mitosis, of
Swi6 from the pericentromeric regions, triggered by phos-
phorylation of histone H3 on Ser 10 (H3S10). Transcrip-
tional silencing in the first instance is maintained through
the recruitment of condensin, but, after mitosis, when
condensin dissociates, pericentromeric DNA becomes ac-
cessible to RNA polymerase II (Pol II). This allows the
RNAi-induced heterochromatin cycle, as described above,
to start over again. Initiation of this cycle may be partially
assisted by low levels of Swi6 protein that remain associ-
ated with heterochromatin during mitosis (Nakayama
et al. 2000). Other triggers that may help initiation are
RITS complexes that remained intact during mitosis,
dsRNA production through bidirectional transcription
at the pericentromeric regions, or short RNA molecules
(named priRNAs) that are thought to be derived from
breakdown products of cellular mRNAs (Halic and Moazed
2010). These observations clearly provided great insight into
the cell cycle dependence of centromeric heterochromatin,
but still very little was known about the regulation of ex-
pression of RNAi components during these events.
The genome of S. pombe is very compact. As a result,

protein-coding genes are closely spaced and transcription
termination is a tightly regulated process (Bahler 2005).
Still, for some convergent genes (CGs), transcripts that
extend into the downstream genes have been detected
(Hansen et al. 1998). One might expect that such over-
lapping transcripts from CGs may trigger RNAi through
the production of dsRNA, resulting in noncentromeric
RNAi. Indeed, there are reports on RNAi components
acting at loci other than centromeres. For example, Dcr1
and Rdp1 have been found at many different genomic
loci (Woolcock et al. 2011). However, even though gene
silencing effects have been observed at these locations,
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heterochromatin formation does not seem to result from
these interactions. Furthermore, earlier work from the
Proudfoot laboratory (Gullerova and Proudfoot 2008)
shows that, at CG loci at which both genes are actively
transcribed at the same time, RNAi can trigger the for-
mation of heterochromatin. Interestingly, such CGs show
cell cycle-dependent expression, being down-regulated
during the G1/S phase and more highly expressed during
G2. The following cycle of events was suggested to be
responsible for these observations. First, duringG1/S, usage
of distal polyadenylation (polyA) signals on transcripts
from both genes in the CG pair results in complementary
transcripts that may form dsRNA. This triggers an RNAi
response that results in Swi6 recruitment toCGpairs (Fig. 1B).
Swi6 then recruits cohesin, which starts to accumulate in
between the two genes at the CG locus. This accumulation
of cohesin is thought to prevent readthrough transcription

by stimulating the use of more proximal polyA signals,
resulting in a loss of dsRNA and consequent loss of RNAi
and heterochromatin. Cohesin may bind DNA in two
ways: as a very stable, tightly closed ring that encircles
DNA, or in a formmore dynamically associated with DNA
(Hirano and Hirano 2006). Which form of cohesin plays
a role in the regulation of transcription of CGs has not been
determined, but a clue may come from the interesting ob-
servation that, in S. pombe, in G2, nearly 90%of detectable
cohesin is located between two convergently transcribed
genes (Gullerova and Proudfoot 2008). It is thought that the
pushing of ring-shaped cohesin complexes along the DNA
fiber by elongating Pol II causes this accumulation of
cohesin between CGs at G2. This model of RNAi at CG
loci would also explain why a genome-wide association
study on Swi6 identified only a small number of CG pairs
as bound by Swi6. As S. pombe has an extended G2 phase
(Alfa et al. 1993), unsynchronized cultures of S. pombe
consist mostly of cells in the G2 phase, in which only
limited heterochromatin formation would be expected
at CGs.
Gullerova et al. (2011) now connect the issue of

regulation of the RNAi pathway to the just-described
events happening at CG loci. Interestingly, they find that,
in fission yeast,;80% of RNAi genes, including ago1 and
dcr1, are convergently transcribed, whereas random gene
sets display roughly 30% CG pairs. Indeed, consistent
with their previous work, these RNAi components dis-
play cell cycle-dependent expression, effectively consti-
tuting an autoregulatory loop (Fig. 2). This leads to down-
regulation of convergent RNAi genes in the G1/S phase of
the cell cycle, and slightly more abundant RNAi compo-
nents during G2. Gullerova and Proudfoot (2008) suggest
that the lower abundance of RNAi components during
G1/S may play a role in keeping centromeric chromatin
open to allow transcription.Gullerova et al. (2011) nowex-
tend these findings by detecting siRNAs derived from tar-
geted CG loci (CG-siRNAs). These siRNAs were detected
inG1 but not inG2, consistentwith themodel. Even though
siRNAs were convincingly identified, their abundance
remained quite low compared with pericentromere-
derived siRNAs (cen-siRNAs). This may be linked to their
surprising and yet unresolved finding that RDRC does not
seem to be involved in CG-RNAi, preventing amplifi-
cation of CG-siRNAs. Unfortunately, CG-siRNAs were
not sequenced, preventing further, more detailed analysis
on CG-siRNA generation. Finally, Gullerova et al. (2011)
further support their model by taking ago1 and dcr1 out
of their CG constellation. This was done by insertion
of a gene (ura4) in between either ago1 or dcr1 and their
respective CG partner. Ura4 was placed in tandem orienta-
tion with respect to ago1 or dcr1. Strikingly, these tan-
demized mutants (Tago1 and Tdcr1) lose their transcrip-
tional down-regulation during G1/S, and CG-siRNAs from
the ago1 gene are undetectable in a Tago1 strain. Surpris-
ingly, Pol II occupancy of pericentromeric regions also
decreased in Tago1 and Tdcr1 strains. Interestingly, ura4
(itself a tandem-oriented gene in the wild-type situation
with cell cycle-independent expression) becomes down-
regulated at G1/S when placed in tandem with ago1 or

Figure 1. Models for RNAi at pericentromeric and CG loci in
S. pombe. (A) At the pericentromeric loci, an Argonaute protein-
containing complex named RITS targets nascent Pol II tran-
scripts and recruits an RDRC. RDRC synthesizes dsRNA that is
processed by Dicer (Dcr1) into siRNAs that can associate with
Ago1 in the context of the ARC complex. This results in the
formation of another RITS complex. RITS, via the protein Stc1,
also recruits the CLRC complex. CLRC promotes H3K9me,
which in turn recruits HP1 homologs like Swi6. Heterochromatin
can spread to adjacent sites by further recruitment of chromatin
modifiers like SHREC. (B) At CG loci, bidirectional transcription
of CGs leads to dsRNA formation and subsequent siRNA gener-
ation by Dcr1. RDRC does not play a significant role in RNAi
at CG loci. Further mechanisms appear to be similar to those in
A. Black arrows indicate CGs. White arrows in Pol II indicate
direction of transcription.
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dcr1, and thus in convergent orientation with the original
ago1 or dcr1 partner.
These new data (Gullerova et al. 2011) provide very

interesting novel insights into the dynamics of the ex-
pression of RNAi genes and heterochromatin formation
in fission yeast. There are, however, still a number of
puzzling aspects to these observations.
First, RDRC only has a role in the formation of centro-

meric heterochromatin. It remains unclear why RDRC
would not act on CG loci. One might argue that rapid
buildup of siRNAs at centromeric repeats is necessary to
be able to quickly silence these repeats after mitosis.
The cell may not want this to occur at CGs, which have
to maintain transcriptional activity, albeit at a lower level
during G1/S. Is there something that repels RDRC from
CGs, or something that attracts it specifically to pericen-
tromeric loci? In this light, the Swi6 molecules that re-
main associated with pericentromeric loci during mitosis
(Nakayama et al. 2000) may play an interesting role.
Second, during G1/S, most cen-siRNAs are produced,

while relatively little Ago1 is found at the centromeres,
and, in G2 phase, relatively higher levels of RNAi com-
ponents are observed, although no siRNAs are produced
(either cen-siRNAs or CG-siRNAs). It would be interest-
ing to study the status of Ago1 during the cell cycle in
order to better understand this discrepancy. How much
Ago1 is loadedwith siRNAs, and what fraction is found in
ARC versus RITS? Related to that, it would also be of
considerable interest to closely follow both cen-siRNAs
and CG-siRNAs during the cell cycle within one exper-
iment. This may reveal subtle but important differences
in expression between these two species of siRNAs, and
provide information about the order in which certain
events take place.
Third, to what extent are the modest changes in con-

centrations of CG RNAi components responsible for the
observed effects on transcriptional activity of the centro-

meres during the cell cycle? Or is it the titration of RNAi
components to the many CG loci that is relevant for
increased centromeric Pol II activity? In both scenarios,
it is striking that nearly 80% of the RNAi components
are found in CG orientation. Placing one rate-limiting
component under CG control would seem sufficient to
achieve regulation of RNAi activity, and the CG RNAi
genes constitute only a small fraction of all CG pairs in
total in the genome, contributing relatively little to a
titration effect (although it should be noted that it is not
known what fraction of CG pairs have genes that are
simultaneously active).
Finally, in the study by Gullerova et al. (2011) only one

CG-RNAi gene at a time was transformed into a tandem
configuration. Still, this was sufficient to induce effects
on centromeric transcription and cytological defects.
This is surprising, as an elevated level of Ago1 would be
expected to have an effect only if there is an excess of
siRNAs that can load into the excess Ago1 protein, and
extra Dcr1 would result in a phenotype only if there would
normally be enough unloaded Ago1 to pick them up.
Clearly, both scenarios cannot be true simultaneously.
This conundrum may be resolved if we take into account,
as also pointed out byGullerova et al. (2011) that Ago1 and
Dcr1 may play a role in the cell cycle independently of
their role in RNAi (Carmichael et al. 2004). Both proteins
affect hyperphosphorylation of cdc2 (a mitotic regulator)
upon genotoxic insult, which results in cell cycle arrest. In
addition, it has been shown that inappropriate cytoplasmic
accumulation of Dcr1 induces cytotoxic effects that are
independent of the catalytic activity of Dcr1 (Emmerth
et al. 2010). These findings are poorly understood, and they
need to be sorted out inmore detail if we are to completely
understand the phenotypes resulting from changes in the
expression levels of RNAi components.
Gullerova et al. (2011) provide interesting mechanistic

insights into the autoregulation of RNAi genes in a cell

Figure 2. RNAi during the cell cycle. An
overview of the autoregulatory loop of con-
vergent RNAi genes and heterochromatin
formation at the centromeres during the dif-
ferent stages of the cell cycle is depicted.
During mitosis, H3S10 gets phosphorylated,
resulting in the displacement of Swi6 with
condensin. Both CGs and pericentromeric re-
peats are at this time covered by H3K9me
and condensin. At centromeres, Swi6 remains
partly present. During G1/S, condensin de-
localizes, leading to transcriptional activity.
RNAi processes are triggered at both CG and
centromeric loci. As the cells move into G2,
the accumulated cohesin at CG loci starts to
prevent dsRNA formation, and repression of
CGs is relieved. These CGs include many
RNAi component genes, resulting in a stron-
ger RNAi response and further heterochro-
matin formation and transcriptional silencing
at the centromeres.
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cycle-dependent manner in fission yeast, and provide
evidence that gene orientation can have a profound effect
on gene expression. It is, of course, interesting to specu-
late to what extent these observations relate to higher
eukaryotes. Whether gene orientation can play an impor-
tant role in other organisms is a completely open ques-
tion. In the case of mammals andmany other animals, we
have to take into consideration that the gene density of
the genome is often lower, reducing the chance for closely
spaced CG pairs. Furthermore, genes behave differently
in terms of transcription termination and polyA site
usage, and genome-wide cohesin distribution in mammals
has been shown to be very different from that in S. pombe
(Gullerova and Proudfoot 2008; Misulovin et al. 2008;
Parelho et al. 2008; Stedman et al. 2008; Wendt et al.
2008). On the other side, evidence for RNAi pathways
connecting to chromatin is increasing, as was shown by
work in Caenorhabditis elegans (Claycomb et al. 2009;
van Wolfswinkel et al. 2009) and mammalian cells (Allo
et al. 2009). However, endogenous siRNAs associated with
such RNAi pathways have been detected only in C.
elegans. Given the difficulty with which CG-siRNAs
can be detected in S. pombe, it is conceivable that similar
siRNA populations have so far escaped notice in other
systems. The study byGullerova et al. (2011) shows us that
we may have to look very closely, indeed, taking into
account the impacts of all possible factors thatmight affect
the cells under study.
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