
Centromeric heterochromatin assembly in fission
yeast—balancing transcription, RNA interference
and chromatin modification

Benjamin J. Alper & Brandon R. Lowe &

Janet F. Partridge

Published online: 26 June 2012
# Springer Science+Business Media B.V. 2012

Abstract Distinct regions of the eukaryotic genome are
packaged into different types of chromatin, with euchro-
matin representing gene rich, transcriptionally active
regions and heterochromatin more condensed and gene
poor. The assembly and maintenance of heterochroma-
tin is important for many aspects of genome control,
including silencing of gene transcription, suppression of
recombination, and to ensure proper chromosome seg-
regation. The precise mechanisms underlying hetero-
chromatin establishment and maintenance are still
unclear, but much progress has been made towards
understanding this process during the last few years,
particularly from studies performed in fission yeast. In
this review, we hope to provide a conceptual model of
centromeric heterochromatin in fission yeast that inte-
grates our current understanding of the competing forces

of transcription, replication, and RNA decay that influ-
ence its assembly and propagation.
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Non-coding RNA

Abbreviations
ARC Argonaute siRNA chaperone complex

comprised of Ago1, Arb1, Arb2, and
double-stranded siRNA

Clr-C Clr4 methyltransferase-containing complex
mediating histone 3 lysine 9 methylation

cnt Non-repetitive central core DNA
sequences of centromeres

CPSF-A Cleavage and polyadenylation specificity
factor A component of multisubunit com-
plex that plays central role in 3′ processing
of mRNAs

DCAF DDB1/CUL4 associated factor substrate
adaptor for ubiquitin ligase activity

dg, dh Repetitive DNA elements within otr
HDAC Histone deacetylase
HIRA Histone regulator A; ATP-dependent

nucleosome remodeling complex
imr Innermost repeat DNA sequences internal

to otr and distal to cnt
NURD Nucleosome remodeling deacetylase

complex
otr Outer repeat DNA of centromeres
RDRC RNA-dependent RNA polymerase

complex
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RITS RNA-induced transcriptional silencing
complex; comprised of fission yeast Chp1,
Ago1, Tas3, and siRNA

R-loops Regions of RNA-associated single
stranded DNA

RNAi RNA interference
SHREC Snf2, HDAC-containing repressor

complex
siRNA Short interfering RNA
TGS Transcriptional gene silencing
TRAMP Trf4p/Air2p/Mtr4p polyadenylation

complex
Xist Long, non-coding RNA with cis-acting

silencing activity on mammalian female X
chromosomes

Heterochromatin

All eukaryotic genomes are packaged in chromatin, with
the basic unit represented by the nucleosome consisting
of a histone octamer wrapped by 147 bp of DNA.
Histones are globular proteins, with a well-defined his-
tone “core,” which mediates interactions between dif-
ferent histone partners, and less structured amino
terminal tails, which extend out from the core nucleo-
some particle. Histones, and in particular histone tails,
are subject to a variety of post-translational modifica-
tions, including acetylation, methylation, phosphoryla-
tion, and ubiquitination. These modifications play a
crucial role in the assembly of higher order chromatin
structures and in the recruitment of chromatin modifiers.

Heterochromatin is characterized by histone hypo-
acetylation and an enrichment of methyl marks on
histones associated with repression. These marks
along with the enzymes that produce these modifica-
tions and the proteins that recognize them are highly
conserved from fission yeast to man (Kouzarides
2007). Methylation on lysine 9 (K9) of histone H3 is
a key event in the assembly of heterochromatin (Rea
et al. 2000; Bannister et al. 2001; Lachner et al. 2001).
In fission yeast, a single histone H3 methyltransferase,
Clr4, directs all methylation of K9 on histone H3
(H3K9me1, 2, or 3; Yamada et al. 2005), whereas in
mammals, several proteins including Clr4’s homologs,
the Suv39 proteins, can methylate K9. However, fis-
sion yeast lacks the enzymatic machinery for methyl-
ation of H3K27 and lacks DNA methylation; both of

these marks correlate with heterochromatin in higher
eukaryotes.

Heterochromatin has classically been perceived as
being transcriptionally silent, but this view has been
revolutionized with the perplexing observation from
many organisms that transcription through a hetero-
chromatic locus appears to be required for its silencing
(reviewed in Huisinga et al. 2006). A frequently cited
example of such transcription-coupled silencing occurs
in female mammals during X chromosome inactivation.
In this instance, there is increased expression of the long
non-coding RNA, Xist, from one X chromosome, which
then spreads in cis to initiate silencing of the entire
chromosome.

A second common theme that has emerged from
studies of heterochromatin assembly in many organisms
is the importance of non-coding RNA and inmany cases
the cellular RNA interference (RNAi) pathway in
silencing (Zaratiegui et al. 2007). For example, in many
organisms, the RNAi pathway is required for germline
silencing of transposable elements, which can constitute
50% of the genome (O’Donnell and Boeke 2007). In
fission yeast and flies, the RNAi pathway is linked to the
assembly of centromeric heterochromatin (Volpe et al.
2002; Pal-Bhadra et al. 2004; Deshpande et al. 2005),
and studies in mammals have clearly demonstrated that
gene silencing can be mediated via non-coding RNAs
(Nagano and Fraser 2011).

Fission yeast centromeres

The fission yeast, Schizosaccharomyces pombe, has
several constitutively heterochromatic loci, including
telomeres, centromeres, and the mating type locus.
The heterochromatin that assembles on these regions
is similar, although the details of its assembly differ.
Fission yeast centromeres range from 35 to 110 Kb in
length and are composed of a central domain on which
the kinetochore assembles flanked by outer-repeat
sequences (otr, consisting of dg and dh repeats) coated
in heterochromatin that resembles the peri-centromeric
heterochromatin of mammals (Takahashi et al. 2000;
Partridge et al. 2000; Nakayama et al. 2001).

The central domain is the site on which the kineto-
chore assembles, and as in all eukaryotes, the incorpora-
tion of a centromere specific histone H3 variant protein,
Cnp1 (CENP-A in mammals) into nucleosomes of this
domain directs assembly of a functional kinetochore. The
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central domain consists of a central core (cnt) of non-
repetitive DNA flanked by inverted innermost repeats
(imr). In the smallest centromere, centromere 1, there is
approximately 4 Kb of cnt DNA, flanked by 5.6 Kb of
imr DNA and 4.6 to 4.8 Kb of otr repeats. The larger
centromeres (chromosomes 2 and 3) have similarly sized
central domains, but more extensive repetition of the
outer repeat sequences. The centromeric DNA is highly
similar between the centromeres, with the exception of
the imr repeats which are centromere specific. Homology
ranges from 48% identity over a 1.4-Kb region of cnt to a
striking 97% identity over 1.78 Kb of dg sequence
(Wood et al. 2002). Fission yeast centromeres lack pro-
tein coding genes but contain clusters of tRNA genes
within imr, flanking centromeres 2 and 3 and on the left
side of centromere 1, that help insulate the distinct cen-
tromeric domains and prevent the spreading of centro-
meric heterochromatin into the chromosome arms (Noma
et al. 2006; Scott et al. 2006).

Experiments performed with minichromosomes have
demonstrated that DNA sequences from both the outer
repeats and the central domain are required for centro-
mere function (Takahashi et al. 1992; Baum et al. 1994;
Folco et al. 2008). Interestingly, the role of the outer
repeat sequences appears to be purely for heterochro-
matin assembly, since centromeres lacking outer repeat
sequences gain function when an enzyme that drives
heterochromatin assembly is tethered adjacent to central
domain sequences (Kagansky et al. 2009).

Heterochromatin in fission yeast

The fission yeast has emerged as a very useful geneti-
cally tractable model in which to determine the mecha-
nisms underlying the establishment and maintenance of
heterochromatin. The reasons for this are conservation
of both the key chromatin modifying enzymes required
for assembly of heterochromatin and because fission
yeast have a conserved RNAi machinery with single
genes encoding each activity.

It was originally thought that fission yeast centro-
meres were transcriptionally inert, as a marker gene
inserted within centromeric sequence exhibited classical
position effect variegation (Allshire et al. 1994; Allshire
et al. 1995). This silencing was thought to reflect spread-
ing of heterochromatin over the gene blocking access of
RNA polymerase II (pol II). However, more recent
studies have demonstrated that centromeres are

transcribed in both fission yeast and mammals, and that
transcript abundance is regulated by the cellular RNAi
apparatus (Volpe et al. 2002; Lehnertz et al. 2003;
Kanellopoulou et al. 2005; Murchison et al. 2005).
Centromeric transcription occurs during S phase, during
a window of time in which the repressive histone marks
at centromeres become diluted by DNA replication,
permitting pol II access (Chen et al. 2008; Kloc et al.
2008).

H3K9 methylation and the Clr-C complex

In fission yeast, H3 K9 methylation is catalyzed by a
single methyltransferase, Clr4, the homolog of human
Suv39 and Drosophila Su(var)3-9 proteins (Rea et al.
2000). Clr4 is a component of a multi-subunit complex
called Clr-C that also includes Rik1, Pcu4 (Cul4), Raf1
(Cmc1, Dos1, Clr8), and Raf2 (Cmc2, Dos2, Clr7; Li
et al. 2005; Horn et al. 2005; Hong et al. 2005; Jia et al.
2005; Thon et al. 2005). These proteins, together with a
ring box protein, Rbx1, are components of a cullin
4-dependent E3 ubiquitin ligase. Each component is
necessary for heterochromatin assembly, and mutants
deficient for these proteins completely lack H3K9me
on centromeric repeats and at other normally hetero-
chromatic loci, and lack centromeric siRNAs. However,
their exact role in directing E3 ligase activity and pro-
moting Clr4 function is not clear. What is known is that
Pcu4, the cullin 4 protein that acts as a scaffold for
assembly of ubiquitin ligases, associates with Raf2
(Thon et al. 2005), and Rik1 binds Raf1 (Li et al.
2005). Raf1 likely serves as the substrate acceptor
(or DCAF) for the ubiquitin ligase activity, and interest-
ingly, mutations that separate it from the rest of the
complex show only loss of H3K9 methylation, with no
impact on siRNA generation (Buscaino et al. 2012).
Rik1 is likely to bind nucleic acids, since it shares
homology with the UV DNA damage binding protein,
and with CPSF-A, a subunit of the cleavage and poly-
adenylation specificity complex (Neuwald and Poleksic
2000). Rik1may recruit the complex to chromatin, since
it remains localized even in mutant backgrounds such as
pcu4, in which Clr4 is largely delocalized (Jia et al.
2005; Zhang et al. 2008). The target of Clr-C’s ubiquitin
ligase activity is not known, although Clr-C can ubiq-
uitinate histone H2B in vitro (Horn et al. 2005). Clr4
is thought to methylate targets other than just H3K9,
since yeast bearing histone H3 mutants that block K9
methylation express higher levels of siRNAs from
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centromeric repeats than clr4 mutants that are deficient
in methyltransferase activity (Gerace et al. 2010). One
non-histone target that has been identified is Mlo3, a
protein that is associated with the TRAMP complex and
is involved in RNA surveillance and in the destruction
of aberrant RNAs. Methylation by Clr4 is important for
Mlo3 function since mutation of the methylation site on
Mlo3 caused a reduction in centromeric siRNA produc-
tion (Zhang et al. 2011).

The H3K9me mark in fission yeast is bound by the
chromodomain-containing proteins Swi6 and Chp2
(homologs of HP1), by Chp1, and also by the Clr4
enzyme (Bannister et al. 2001; Nakayama et al. 2001;
Partridge et al. 2002; Zhang et al. 2008; Sadaie et al.
2008). The ability of Clr4 to bind the product of its
activity provides an example of an amplification
switch where the protein that reads a chromatin mark
can then write the mark on adjacent nucleosomes.
Assembly of Swi6-containing heterochromatin is crit-
ical for centromere function in fission yeast and pre-
vents the formation of aneuploid cells (Ekwall et al.
1995). Swi6 recruits cohesin to the outer repeats of the
centromere (Bernard et al. 2001; Nonaka et al. 2002)
which maintains sister chromatid cohesion until satis-
faction of the spindle assembly checkpoints and ana-
phase onset. Recruitment of cohesin appears to be the
major role of Swi6 at centromeres, since artificially
tethering cohesin to centromeres bypasses the require-
ment for Swi6 in centromere function during mitosis
(Yamagishi et al. 2008).

In order to understand heterochromatin assembly, we
need to understand how the Clr-C complex is recruited
to chromatin. We still do not have a full understanding
of this process, but what is clear is that different mech-
anisms can contribute to Clr-C recruitment at distinct
loci. At centromeres, there is a high concentration of
repetitive dg and dh sequences, which play a major role
in centromeric heterochromatin assembly through the
RNAi pathway (Volpe et al. 2002). Single copies of
similar sequences are present at the mating type region
and telomeres, but at these loci, heterochromatin is
unaffected by loss of RNAi components, since alterna-
tive DNA sequences can recruit Clr-C independently of
RNAi (Hall et al. 2002; Sadaie et al. 2004; Jia et al.
2004; Petrie et al. 2005). Centromeric heterochromatin
is thus uniquely sensitive to the loss of the RNAi path-
way, which leads to loss of silencing and decreased
enrichment of H3K9me2 and Swi6 on the outer repeats
of the centromere, causing aberrant chromosome

segregation due to defects in centromere function (Volpe
et al. 2002, 2003).

The RNAi pathway in fission yeast

Fission yeast has a scaled down RNAi machinery, with
single genes encoding the key enzymes. Dicer (Dcr1) is
the conserved ribonuclease that cleaves dsRNA, Argo-
naute (Ago1) is the conserved effector protein which
binds siRNA and mediates sequence-specific destruc-
tion or inactivation of target (homologous) RNA (Buker
et al. 2007; Irvine et al. 2006) and RNA-dependent
RNA polymerase (Rdp1) is required for production of
dsRNA to mediate the RNAi response (Motamedi et al.
2004; Sugiyama et al. 2005). Mutation of dcr1, ago1, or
rdp1 leads to the accumulation of centromeric tran-
scripts and disruption of centromeric heterochromatin
(Volpe et al. 2002). This, coupled with the discovery of
siRNAs derived from centromeric transcripts, seeded
the idea that heterochromatin assembly was regulated
by RNAi (Reinhart and Bartel 2002).

It has since been shown that RNA pol II preferential-
ly transcribes one strand of centromeric sequence, and
that this transcript (termed the pre-siRNA) is short-lived
(Volpe et al. 2002; Djupedal et al. 2005). Rdp1 is
thought to bind this transcript and use it as template to
synthesize double stranded (ds) RNA which is then
processed by dicer to form ds short interfering RNAs
(siRNAs). These siRNAs are bound by an argonaute
complex (ARC), in which the ribonuclease activity of
Ago1 is blocked (Buker et al. 2007). siRNAs (and
possibly Ago1 itself) are then passed to a second Ago1
containing complex, RITS, which is an RNAi effector
complex in which argonaute is active (Irvine et al. 2006;
Buker et al. 2007). In the RITS (RNA-induced initiation
of transcriptional silencing) complex, Ago1 cleaves the
“passenger strand” of the ds siRNA as the first target of
its activity, leaving a single strand of siRNA bound to
RITS, which can then program further sequence-
dependent cleavage of RNA by Ago1. This cleavage
activity of Ago1 may be important for co-transcriptional
silencing of nascent centromeric transcripts, and for
proper termination of centromeric transcripts.

Fission yeast strains that are defective for RNAi show
an accumulation of centromeric transcripts, a loss of
centromeric siRNAs, and a significant decrease in the
levels of H3K9me2 at centromeres, resulting in a loss of
centromeric heterochromatin. Similar phenotypes are
seen for mutants in chp1, a chromodomain protein that
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is localized to centromeres (Partridge et al. 2000;
Partridge et al. 2002). The similar phenotypes suggested
that there would be a link between Chp1 and RNAi, and
that link was made by purification of the RITS complex.
Purification of Chp1 yielded a complex with Ago1,
centromeric siRNAs, and an uncharacterized protein,
Tas3 (Verdel et al. 2004). RITS weakly associates with
a second RNAi effector complex, RDRC (RNA-depen-
dent RNA polymerase complex), which includes Rdp1
required for dsRNA production (Motamedi et al. 2004).
Localization of the two complexes is co-dependent and
requires both Dcr1 and Clr4.

RITS

RITS and RDRC are key players in the assembly of
centromeric heterochromatin; they localize to all sites of
heterochromatin, and their chromatin association is
dependent on Clr-C. Most intriguingly, centromeric
recruitment of RITS/RDRC is necessary for the accu-
mulation of high levels of H3K9me2 specifically at
centromeres (Partridge et al. 2002; Verdel et al. 2004;
Sadaie et al. 2004; Motamedi et al. 2004). One clue as to
how Clr-C might be recruited to centromeres by RITS/
RDRC is that the Rik1 component of Clr-C has been
shown to physically associate with the RITS component
Chp1 (Zhang et al. 2008). Also, the LIM domain con-
taining protein Stc1 has been shown to physically bridge
between Ago1 and Clr-C and to be required for hetero-
chromatin assembly specifically at centromeres (Bayne
et al. 2010). Interestingly, when Stc1 is tethered at a
euchromatic site, assembly of heterochromatin occurs in
a manner which is dependent on Clr-C, but independent
of RNAi components (Bayne et al. 2010). A similar
result is seen when the enzymatic domain of Clr4 is
tethered to DNA, with heterochromatin assembly being
independent of RNAi (Kagansky et al. 2009). Together
these results would suggest that once Clr-C is physically
recruited to the centromere by RITS/RDRC, that enrich-
ment for H3K9me2 and heterochromatin assembly can
occur independently of RNAi, through chromatin mod-
ifications leading to suppression of pol II recruitment to
the locus (transcriptional gene silencing). However,
recruitment of RITS and RDRC complexes to centro-
meres is also necessary for the turnover of centromeric
transcripts both through Rdp1 mediated generation of
dsRNA which is then cleaved by Dcr1 to generate
siRNAs, and by the destruction of nascent transcripts

via siRNA programmed RITS-mediated destruction.
Thus, RITS/RDRC appear to play roles in both tran-
scriptional gene silencing, by generating a chromatin
environment refractory to RNA pol II access, and in
co- or post-transcriptional silencing, by destruction of
centromeric transcripts.

Targeting of RITS/RDRC to centromeres

The original model for the mechanism of RITS recruit-
ment to centromeres put forward the idea that siRNAs
bound by Ago1 in the RITS complex targeted RITS to
either nascent transcripts or centromeric DNA. It was
thought that once high levels of Clr4 activity were
recruited to centromeres, H3K9Me2 stabilized the bind-
ing of RITS by providing a binding site for the chromo-
domain of Chp1 (Verdel et al. 2004). However, mutation
of the chromodomain of Chp1 revealed that chromatin
association via Chp1 was critical for RITS function, and
binding studies revealed that Chp1 has very high affinity
for H3K9me2 peptides in vitro (Noma et al. 2004; Petrie
et al. 2005; Schalch et al. 2009). Thus, we asked whether
we could determine whether RITS recruitment and thus
assembly of heterochromatin is driven by siRNA or by
H3K9Me2. It may seem straightforward to ask whether
siRNAs recruit RITS by knocking out dicer. However,
dcr1 null cells not only lose siRNAs but have such
reduced levels of H3K9Me2 at centromeres that hetero-
chromatin cannot be maintained (Volpe et al. 2002;
Sadaie et al. 2004). Similarly, knocking out the H3K9
methyltransferase Clr4 not only prevents methylation on
K9 of histone H3, but also greatly impacts production of
siRNAs (Nakayama et al. 2001; Buhler et al. 2006).

To attempt to dissect the mechanism of RITS recruit-
ment, we designed specific mutations within the RITS
complex to perturb either siRNA-mediated or
H3K9Me2-mediated interactions of RITS. We blocked
the association of Ago1 with the Tas3-Chp1 subcomplex
by introducingmutations into the conserved GWdomain
of Tas3 that binds Ago1 (Partridge et al. 2007). We
reasoned that removing Ago1 from RITS would abro-
gate the siRNA-dependent functions of the complex, yet
leave other essential Ago1 functions intact in the cell.
Indeed, this mutant (Tas3WG) yielded a very interesting
phenotype, allowing for the maintenance of pre-
assembled heterochromatin. This maintenance was
dependent on efficient tethering of Ago1 to centromeres
through siRNAmediated interactions, since introduction
of a mutant Ago1 with reduced affinity for siRNA, while
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not affecting heterochromatin maintenance in isolation,
caused complete loss of heterochromatin when intro-
duced into TasWG cells (Partridge et al. 2007). In con-
trast, we found that mutation of Tas3 to remove Chp1
from RITS (Tas3Δ10-24) caused complete disruption of
heterochromatin, with loss of H3K9me2 from centro-
meric repeats and a failure to generate centromeric siR-
NAs (DeBeauchamp et al. 2008).

Transcriptional push me–pull you

These observations have led to a model in which there is
an absolute requirement for the RNAi pathway for the
maintenance of heterochromatin at fission yeast centro-
meres. In large part this is the case, but very interestingly,
reducing the level of active transcription at centromeres
in cells that are deficient for RNAi can allow for the
maintenance of centromeric heterochromatin. Notably,
this propagation of heterochromatin occurs in cells that
completely lack centromeric siRNAs. Strains that main-
tain heterochromatin in the absence of RNAi include
knockouts for Epe1 (Trewick et al. 2007), a protein that
promotes transcription by pol II and which is somewhat
surprisingly recruited to centromeres through interaction
with the heterochromatic silencing protein Swi6 (Zofall
and Grewal 2006; Isaac et al. 2007; Trewick et al. 2007),
or knockouts for mst2+, a histone acetyltransferase
which promotes acetylation of H3 on K14 (Reddy
et al. 2011). Also, strains lacking another target of Clr4
methyltransferase activity, Mlo3, or its associated Cid14
protein, can assemble centromeric heterochromatin in
the absence of the RNAi pathway (Reyes-Turcu et al.
2011). In all of these situations, compound mutants with
RNAi components show decreased RNA pol II occu-
pancy on centromeric repeats compared to that in RNAi
defective backgrounds, decreased levels of centromeric
transcripts, and higher levels of H3K9me2 and Swi6 on
centromeric repeats than in RNAi deficient strains alone.
Together, these results suggest that the major role for
RNAi in the propagation of heterochromatin is to quash
the generation of transcripts which otherwise disrupt the
stability of heterochromatin.

Links between replication and transcription
and redeposition of epigenetic marks

Why are centromeres transcribed if transcription is
deleterious? The answer may rest in the fact that cells

duplicate their DNA every cycle, and during the rep-
lication process, chromatin marks such as H3K9me
are diluted by the deposition of newly synthesized
histones onto the replicated DNA. Thus, replication
effectively dilutes repressive marks, and temporarily
alleviates the chromatin based suppression of pol II
activity, leading to centromeric transcription during S
phase. It is widely believed that the transcription of
centromeres, although potentially deleterious, is criti-
cal for the inheritance of the heterochromatic state
through cell division. Centromeric transcripts are con-
verted into siRNAs that can help recruit RITS to
centromeres and provide templating activity for
Ago1-mediated suppression of transcripts. Ultimately,
both of these pathways feed into the positive feedback
loop for amplification of the RITS/RDRC signal,
which can facilitate further recruitment of Clr-C lead-
ing to the accumulation of high levels of H3K9Me2 at
centromeres (Partridge et al. 2002; Verdel et al. 2004;
Motamedi et al. 2004). High levels of H3K9Me2
promote the assembly of heterochromatin through re-
cruitment of chromodomain proteins such as Swi6,
which are necessary for the spreading of heterochro-
matin (Partridge et al. 2000; Hall et al. 2002).

Here we present one model for how DNA replica-
tion ultimately leads to the propagation of the hetero-
chromatin at centromeres (see Fig. 1). Following
replication of DNA, there is a reduction in the levels
of centromeric H3K9me2, and a wave of pol II tran-
scription occurs, accompanied by the appearance of
marks of transcriptional activity, such as H3K4me2,
H3K36me3, and acetylation of histones (Kloc et al.
2008; Chen et al. 2008). One pertinent mark is the
appearance of H3K4Ac. This mark reduces the affinity
of Chp1 for binding chromatin, since the chromodo-
main of Chp1 which binds the H3K9me2/3 tail also
makes a critical contact with the H3K4 moiety
which is sensitive to acetylation (Schalch et al. 2009;
Xhemalce and Kouzarides 2010). Transcription there-
fore effectively reduces the association of RITS with
chromatin, and causes a “chromodomain switch,”
allowing centromeric binding of the lower affinity
chromodomain proteins, Chp2 and Swi6, whose bind-
ing is not sensitive to K4Ac status. Chp2 and Swi6
associate with large chromatin modifying complexes
which contain deacetylase activities (Sadaie et al.
2008; Motamedi et al. 2008; Fischer et al. 2009). We
suggest that the recruitment of Chp2 and Swi6 can
help to reset (deacetylate) the chromatin, promoting
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the activity of Clr4 and allowing the wave of enrich-
ment in H3K9me2 during late S phase. Notably, Rik1
enrichment at centromeres precedes that of H3K9me2
during S phase (Chen et al. 2008), and may correlate
with the timing of centromeric replication by the elon-
gating DNA polymerase Cdc20, which has recently
been shown to bind Rik1 (Li et al. 2011). This Cdc20-
Rik1 association may provide a mechanism for the
replication-coupled recruitment of Clr-C to centromeric
repeats. As seen for Chp1, Clr4’s ability to bind
H3K9me2 is reduced by acetylation of K4 (Xhemalce
and Kouzarides 2010). Hence, not only its ability to
methylate K9, but also its ability to spread through
chromatin may depend on the prior deacetylation of

chromatin mediated by recruitment of Chp2 and Swi6-
associated deacetylase activities.

Recent work (Zaratiegui et al. 2011) has suggested
further intriguing links between replication and tran-
scription at centromeres, which may have profound
implications for control of genome stability. Studies
on pol II association with centromeres have shown
that when replication is blocked with hydroxyurea,
pol II localizes throughout the centromere. In contrast,
in cycling cells, pol II is excluded from origins of
DNA replication during S phase. Mapping of centro-
meric transcripts has demonstrated that centromeric
transcripts in cells deficient in RNAi components
extend beyond the predicted polyadenylation sites,

Fig. 1 Propagation of centromeric heterochromatin during DNA
replication. Heterochromatin is characterized by H3K9me which
serves to recruit RNAi components and Clr-C. During S-Phase,
DNA replication dilutes the H3K9me mark and allows access to
pol II, which leads to the appearance of marks of active transcrip-
tion such as H3K4me3, H3K36me3, and H3K4Ac. The H3K4Ac
reduces Chp1 binding affinity for H3K9me2/3, effectively reduc-
ing RITS levels associated with chromatin. This allows the lower
affinity Swi6 and Chp2 to bind H3K9me and recruit chromatin
modifying complexes containing deacetylases such as Clr3 and

Clr6 which promote the removal of the H3K4Ac mark. It is likely
that Clr4 is recruited though Rik1 associated with the elongating
DNA polymerase Cdc20, allowing re-accumulation of the
H3K9me mark. Concurrent with transcription, centromeric tran-
scripts are converted into siRNA through the actions of RDRC and
Dcr1. RITS is then recruited to the centromeric heterochromatin
though Ago1’s binding of siRNA and interactions with Clr-C.
RITS then recruits more Clr-C to further propagate the centromeric
heterochromain
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suggesting that in RNAi defective cells, termination of
pol II transcription is inefficient (Zaratiegui et al.
2011). A failure to terminate transcription during S
phase can lead to stalling of pol II at replication forks
and cause DNA damage. This may be in the form of
excessive regions of association of RNA with single
stranded DNA as in R-loops, which signal for DNA
repair by homologous repair pathways (Bermejo et al.
2012). Consistent with this idea, synthetic interactions
have been observed between mutants in RNAi and in
DNA damage repair pathway proteins (Roguev et al.
2008; Zaratiegui et al. 2011).

Why does a defect in RNAi lead to inefficient
termination of centromeric transcription? Presumably
this reflects a requirement for Ago1 to cleave the
nascent transcript. Ago1 uses siRNAs to target its
cleavage activity, and the enrichment of centromeric
siRNAs at sites just downstream of predicted polya-
denylation sequences in wild type cells (Zaratiegui
et al. 2011) would suggest that Ago1 is responsible
for cleavage and hence termination of the centromeric
transcripts.

Other major contributors to the silent state

Although RITS and the RNAi pathway are clearly major
players in the assembly of centromeric heterochromatin,
many other chromatin modifying complexes contribute
to the heterochromatic environment. In particular, his-
tone deacetylases play important roles in defining the
hypoacetylated heterochromatic state. In fission yeast,
the major histone deacetylases are Clr3, Clr6, and
members of the sirtuin family. Clr3 exists in a large
complex called SHREC which also includes a putative
chromatin remodeling enzyme, Mit1 (Sugiyama et al.
2007; Motamedi et al. 2008). This complex is the fission
yeast equivalent of NuRD/Mi2 complex, and the enzy-
matic activity of Clr3 is required for proper positioning
of nucleosomes within the outer repeats of the centro-
mere, which contributes to heterochromatin integrity
(Sugiyama et al. 2007; Garcia et al. 2010). In the absence
of SHREC components, there is a mild increase in the
level of centromeric transcripts (Motamedi et al. 2008).
This apparently minor effect is probably an underesti-
mate of the real defect in transcriptional gene silencing in
SHREC deficient cells since the RNAi pathway is
operational and SHREC deficient cells have elevated
levels of centromeric siRNAs (Sugiyama et al. 2007),

suggestive of increased levels of the centromeric tran-
script that serves as template for siRNA production.

The target of Clr3 HDAC activity is thought to be
predominantly acetylated lysine 14 on histone H3
(H3K14Ac; Bjerling et al. 2002). Interestingly, the
Jia lab recently demonstrated that removal of the
histone acetyltransferase responsible for H3K14Ac,
Mst2, could override the requirement for the RNAi
pathway in the maintenance of centromeric hetero-
chromatin. Loss of Mst2 did not, however, compen-
sate for loss of ClrC components or for loss of SHREC
or other HDACs in heterochromatin maintenance
(Reddy et al. 2011).

Clr6 is thought to be a more general HDAC, target-
ing multiple acetylated lysines in the H3 and H4 tail.
Clr6 protein resides in two complexes, and attenuation
of activity of either complex leads to defective TGS at
centromeres and other heterochromatic loci (Nicolas
et al. 2007). Clr6 can associate with a histone H3 and
H4 chaperone complex containing Asf1 and HIRA,
and the combined effect of these proteins is to promote
nucleosomal occupancy and histone deacetylation to
allow assembly of repressive chromatin (Blackwell
et al. 2004; Yamane et al. 2011). Loss of Sir2 corre-
lates with an increase in H3K9Ac, which is refractory to
the activity of Clr4 in H3K9 methylation, and results in
some attenuation of centromeric heterochromatin
(Shankaranarayana et al. 2003).

De novo assembly of centromeric heterochromatin

RNAi-directed initiation

A popular model has been that RNAi drives heterochro-
matin initiation through processing of nascent tran-
scripts by Rdp1 and Dcr1 to generate siRNAs for
targeting of Ago1 to centromeres. Following Ago1
recruitment, Clr-C recruitment leads to deposition of
H3K9me2 and eventual heterochromatin assembly
(Verdel et al. 2004). In vitro, Rdp1 has primer indepen-
dent RNA-dependent RNA polymerase activity, so this
is a plausible mechanism for heterochromatin initiation
(Motamedi et al. 2004; Sugiyama et al. 2005). However,
low levels of H3K9 methylation are present in cells that
are deficient for the RNAi pathway, indicating that
Clr-C functions upstream of RNAi. Also, if this mech-
anism were correct, cells lacking Rdp1 would be
expected to completely lack siRNAs. Instead, low levels
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of centromeric siRNAs are detectable in rdp1 mutants
(Djupedal et al. 2009; Halic and Moazed 2010).

Several experiments have been performed to deter-
mine whether production of siRNAs against a target
locus may suffice to elicit its silencing. Such experi-
ments have met with varying success. However, at least
two independent studies have confirmed that siRNAs
derived from hairpin sequences can reduce transcription
from homologous genomic loci in trans, by inducing
heterochromatin formation in a manner that requires
RDRC, Clr-C, Swi6, and Chp1 (Iida et al. 2008; Simmer
et al. 2010). Furthermore, heterochromatin may form
over endogenous loci with convergent transcripts, lead-
ing to transient silencing during G1-S phase (Gullerova
and Proudfoot 2008). Importantly, convergent transcrip-
tion may target the “autoregulation” of expression of
various RNAi factors, thereby effecting an additional
mechanism for control of gene expression throughout
the cell cycle (Gullerova et al. 2011).

Other studies have suggested alternative methods to
initiate heterochromatin assembly. One theory is that
centromeric transcripts can form secondary structures
that include regions of dsRNA that can be cleaved
to generate siRNAs independent of Rdp1 activity
(Djupedal et al. 2009). Another idea is that “primal”
RNAs derived from random transcription can associ-
ate with Ago1 and be clipped by other nuclease activ-
ities to generate priRNAs that together with Ago1 can
slice transcripts to recruit Rdp1 for dsRNA generation
(Halic and Moazed 2010). Transcripts from genomic
regions from which there is bidirectional transcription,
such as the centromeric repeats would provide pre-
ferred targets for priRNA generation and slicing. This
model suggests that Ago1 acts upstream of Clr-C and
other components of RNAi, and to substantiate the
model, Halic and Moazed show that levels of
H3K9me2 in ago1 deficient cells are lower than in
other RNAi mutants (Halic and Moazed 2010). This
data is not supported by several other studies examin-
ing H3K9me2 in ago1 deficient backgrounds (Volpe
et al. 2002; Shanker et al. 2010).

Clr-C directed initiation

Other work suggests that RNAi need not be the initiat-
ing signal for heterochromatin assembly. In studies
using a crippled RITS complex, wherein Ago1 is disso-
ciated from the complex by point mutation of GW
sequences within Tas3, heterochromatin initiation is

dependent on Clr-C, but not the RNAi pathway
(Partridge et al. 2007; Shanker et al. 2010). Cells lacking
Clr-C completely lack H3K9me2 on centromeric
sequences, whereas cells deficient in RNAi retain some
H3K9me2. This level of H3K9me2 is not sufficient to
allow normal heterochromatin maintenance, but on
reintroduction of the RNAi component into the Tas3WG

background, it is sufficient to allow the re-establishment
of heterochromatin. This did not occur on reintroduction
of Clr-C components into the Tas3WG background
(Partridge et al. 2007; Shanker et al. 2010). In addition,
overexpression of Clr4 allowed deposition of H3K9me2
onto centromeric sequences in cells deficient for both
Clr4 and RNAi, demonstrating that H3K9me2 deposi-
tion can be initiated independent of RNAi (Shanker
et al. 2010). Consistent with this model of Clr-C acting
upstream of RNAi for heterochromatin initiation, we
found that heterochromatin initiation depends on the
high affinity interaction of the Chp1 chromodomain
with H3K9me2 (Schalch et al. 2009). Mutation of
Chp1’s chromodomain to slightly weaken its affinity
of interaction, dropping it from 200 nM to 1–2 uM (still
higher affinity than seen for HP1), completely abolished
heterochromatin initiation when Clr4 was transiently
removed from these cells, in spite of these mutants
showing normal levels of production of centromeric
siRNAs (Schalch et al. 2009).

Additional recent studies suggest the existence of
parallel pathways that can lead to heterochromatin as-
sembly through degradation of antisense or convergent
transcripts. Centromeric heterochromatin can assemble
de novo independently of the RNAi pathway in cells
bearing mutations in RNA quality control factors such
as Mlo3 or Cid14 (Reyes-Turcu et al. 2011), a compo-
nent of TRAMP, in which there is upregulation of
antisense transcripts (Buhler et al. 2007; Buhler et al.
2008), or when Clr4 is overexpressed (Shanker et al.
2010). Interestingly, mutation of the exosome (rrp6
deletion), which causes similar upregulation of anti-
sense transcription as seen in mlo3Δ cells (Zhang
et al. 2011), does not lead to RNAi-independent hetero-
chromatin assembly (Reyes-Turcu et al. 2011). Together,
these data suggest that the exosome and RNAi
pathways function in parallel, but that both are down-
stream of and dependent on RNA quality control medi-
ated by TRAMP and Mlo3.

What then mediates the low levels of H3K9Me2
that are present at centromeres in cells that are defec-
tive in RNAi? Clearly, the enzyme is Clr4, but how is

Centromeric heterochromatin in fission yeast 529



Clr4 recruited? Some clues as to this mechanism come
from studies of other sites of heterochromatin in fis-
sion yeast, such as the telomeres and mating type
locus. At these loci, RNAi-independent mechanisms
play a redundant role in the recruitment of Clr4, thus
abrogation of the RNAi pathway shows little impact
on heterochromatin stability, whereas heterochromatin
is lost at centromeres. At the mating type locus, it has
been shown that transcription factors can recruit Clr4
to DNA sequences that lie outside the centromere
homologous (cenH) sequences (Jia et al. 2004; Kim
et al. 2004). Similar RNAi-independent mechanisms,
involving recruitment of Clr4 via telomere specific
factors, are thought to contribute to heterochromatin
assembly at telomeres (Kanoh et al. 2005).

Given that transcription factors support the recruit-
ment of Clr4 at Mat2/3, it is possible that recruitment
of Clr4 to centromeres relies on pol II activity. RNA pol
II generates the centromeric pre-siRNA transcript
(Djupedal et al. 2005; Kato et al. 2005) and mutations
have recently been identified within pol II subunits that
disrupt assembly of centromeric heterochromatin. One
mutant allows centromeric transcription but processing
of transcripts is perturbed (Kato et al. 2005). A second
mutant disrupts transcription of centromeric repeats
(Djupedal et al. 2005). Models have therefore been
proposed in which RNA pol II recruits chromatin-
modifying enzymes to coordinate transcription with
siRNA generation, chromatin modification, and hetero-
chromatin assembly, in much the same way as it recruits
RNA processing enzymes to the nascent transcript.

One factor that is thought to be critical for the
nucleation of Clr4 binding at chromatin is Rik1.
Rik1 has been proposed to be a key nucleator of
heterochromatin, but its binding to chromatin was
shown to be RNAi-dependent, in particular to be de-
pendent on the catalytic activity of both Ago1 and
Dcr1 (Zhang et al. 2008). This led many to believe
that centromeric heterochromatin assembly was abso-
lutely dependent on RNAi. More recent studies have
demonstrated however, that Rik1 can bind chromatin
independently of RNAi to nucleate heterochromatin
assembly (Reyes-Turcu et al. 2011). Interestingly,
Rik1 has recently been found in a complex with both
DNA polymerase ε, and with Mms19 a transcriptional
regulator which binds to pol II (Li et al. 2011). Tran-
scription or replication could therefore provide routes
for initial deposition of Rik1 at centromeres. However,
somewhat inconsistent with this model, it was found

that targeting of Rik1 to a euchromatic locus allowed
generation of heterochromatin, but that the silencing
that occurred was at the post-transcriptional level, with
a requirement for RNAi components and no evidence
of transcriptional gene silencing or involvement of
Clr4 (Gerace et al. 2010). This could be an artifact of
the targeting system, as mutants have been derived
within Clr-C that can separate the siRNA generation
role of the complex from its role in H3K9 methylation
(Buscaino et al. 2012).

How conserved is the process of heterochromatin
assembly at mammalian centromeres?

Dissection of the mechanism of action of the RITS/
RDRC complexes has given us great insight into the
workings of fission yeast centromeres, and highlighted
the complex interplay between non-coding RNA and
chromatin regulation. This model has provided a frame-
work for conceptualizing interplay between other non-
coding RNAs and chromatin modifiers which are impli-
cated in widespread control of gene expression and
genomic stability. This is especially important given
the identification of thousands of non-coding RNAs
in man, many of which bind important chromatin
regulators such as the PRC2 complex, responsible for
methylation of H3 on K27 and for regulation of key
developmental and oncogenic switches (Guttman and
Rinn 2012). However, it remains unclear as to the extent
of involvement of the RNAi pathway in the mainte-
nance and/or establishment of mammalian centromere
function. Mammalian satellite repeats are clearly tran-
scribed, and the level of those transcripts is accentuated
in RNAi deficient backgrounds (Murchison et al. 2005;
Kanellopoulou et al. 2005). However, there is scant
further evidence for a direct role of RNAi in centromere
regulation in mammals.

Exciting evidence has recently emerged for a role
of centromeric non-coding RNAs (specifically for
major satellite transcripts in mouse) for the de novo
initiation of heterochromatin assembly (Maison et al.
2011). Major satellite transcripts associate specifically
with Sumo modified HP1a. Mutation of HP1 to lose
Sumo and RNA binding causes a specific defect not in
the maintenance of pericentric heterochromatin, but in
the de novo recruitment of HP1 to pericentric sequen-
ces in situations where normal heterochromatin has
been perturbed, such as in cells deficient for Suv39
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activity (and thus which lack H3K9me3- the canonical
route for HP1 localization). This is a fascinating
observation, as it implies that post translational mod-
ification of HP1 can facilitate its association with RNA
to target it to a particular locus, and since mammalian
HP1 physically associates with Suv39 (Melcher et al.
2000), the result suggests a mechanism for the initiation
and subsequent spreading and propagation of mamma-
lian centromeric heterochromatin.

Studies from numerous organisms with point, regio-
nal or holocentric centromeres now point to the central
importance of balanced transcription for centromere
regulation, whether it is implicated in regulation of
kinetochore assembly or in the assembly of pericentric
heterochromatin that influences chromosome segrega-
tion efficiency (O'Neill and Carone 2009, Chueh et al.
2009; Ohkuni and Kitagawa 2011; Gassmann et al.
2012; Chan et al. 2012). Recent work from the Verma
lab has beautifully illustrated the importance of the
tumor suppressor BRCA1 for assembly of heterochro-
matin in mammals (Zhu et al. 2011). BRCA1 binds to
satellite DNAs at centromeres and mono-ubiquitinates
H2A, a mark that correlates with transcriptional silenc-
ing. Brca1 deficiency causes loss of constitutive hetero-
chromatin, with elevation of centromeric transcripts,
loss of HP1 proteins, aneuploidy, and centrosome
amplification. These phenotypes can be recapitulated
by ectopic expression of satellite transcripts in otherwise
wild type cells and are largely corrected in brca1 defi-
cient cells by expression of a mimic of ubiquityl H2A.
Since carriers of brca1 mutations are highly likely to
develop breast and ovarian cancer, this data would sug-
gest that the tumor suppressive role of BRCA1 is in
maintenance of heterochromatin integrity. With the cur-
rent explosion of interest in chromatin regulation, and
identification ofmanymutants in chromatin regulators in
the cancer genome sequencing projects, we look forward
to achieving an even better understanding of the regula-
tion of centromeric heterochromatin and how it is dis-
rupted in disease in the next few years.
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