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SUMMARY

This article discusses the advances made in epigenetic research using the model organism fission yeast
Schizosaccharomyces pombe. S. pombe has been used for epigenetic research since the discovery of
position effect variegation (PEV). This is a phenomenon in which a transgene inserted within heterochro-
matin is variably expressed, but can be stably inherited in subsequent cell generations. PEV occurs at
centromeres, telomeres, ribosomal DNA (rDNA) loci, and mating-type regions of S. pombe chromo-
somes. Heterochromatin assembly in these regions requires enzymes that modify histones and the
RNA interference (RNAi) machinery. One of the key histone-modifying enzymes is the lysine methyl-
transferase Clr4, which methylates histone H3 on lysine 9 (H3K9), a classic hallmark of heterochromatin.
The kinetochore is assembled on specialized chromatin in which histone H3 is replaced by the variant
CENP-A. Studies in fission yeast have contributed to our understanding of the establishment and main-
tenance of CENP-A chromatin and the epigenetic activation and inactivation of centromeres.
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OVERVIEW

This article discusses the advances made in epigenetic regu-
lation using the fission yeast Schizosaccharomyces pombe
as a model organism. S. pombe has been exploited for the
investigation of epigenetically regulated processes since the
discovery of position effect variegation (PEV), originally ob-
served in Drosophila. This is a phenomenon in which a trans-
gene is variably expressed, but often the expression pattern is
then stably inherited in subsequent cell generations. This var-
iable gene expression, however, occurs only when the trans-
gene integrates in or near heterochromatic regions of the
genome. The multitude of studies exploiting PEV or gene si-
lencing in fission yeast have led to great progress not only in
elucidating the mechanisms of heterochromatin assembly
and maintenance, but understanding how heterochroma-
tin creates a repressive environment. Because many of the
mechanisms used to create repressive chromatin environ-
ments are common to higher eukaryotes including humans,
S. pombe has provided a good model organism for epigenetic
research.

Heterochromatin is found mainly at centromeres, telo-
meres, ribosomal DNA (rDNA) loci, and the mating-type re-
gions of S. pombe chromosomes. Heterochromatin assembly
requires the RNA interference (RNAi) machinery and en-
zymes that modify histones. One of the key modifying en-
zymes is the histone lysine (K) methyltransferase (HKMT or
KMT) Clr4, which methylates histone H3 on lysine 9
(H3K9), now considered a hallmark of heterochromatin.

Centromeres consist of two types of chromatin: the peri-
centric heterochromatin regions and CENP-A (also referred to
as CenH3 or Cnpl in S. pombe)—containing chromatin.

Pericentric heterochromatin plays a crucial function in mitotic
and meiotic cell divisions, providing genome stability and
sister-chromatid cohesion, partly by supporting the establish-
ment of adjacent centromeric CENP-A-containing chromatin.
CENP-A chromatin is required for the formation of a protein
structure called the kinetochore, which interacts with spindle-
microtubules to segregate chromosomes in mitosis and mei-
osis. CENP-A is a centromere-specific histone H3 variant,
which replaces the canonical H3 histone in centromeric nu-
cleosomes, and is targeted to centromeres by the combined
action of chaperone proteins and loading factors. Heterochro-
matin in the mating-type region is essential for regulating gene
expression, which directs the sexual life cycle of S. pombe. It
provides a silencing mechanism to prevent the expression of
inappropriate mating-type information in a haploid cell,
yet allows for mating-type switching at the appropriate time.
Heterochromatin at telomeres plays an important function in
maintaining the integrity of linear chromosomes. Heterochro-
matin at rDNA repeats may suppress recombination, thus
maintaining genome integrity.

In addition to heterochromatin research, S. pombe is used
to study several other aspects of epigenetic control such as
chromatin remodeling and nuclear organization. The relative-
ly small size of its genome allows for convenient genomic
analysis, especially when coupled to the simplicity of work-
ing with a unicellular organism in which one can exploit both
the haploid and diploid phases of the life cycle. S. pombe has
also become an important model organism for understanding
how epigenetic mechanisms operate on a genome-wide
scale, referred to as epigenomics.
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1 SCHIZOSACCHAROMYCES POMBE LIFE CYCLE

Fission yeast, Schizosaccharomyces pombe, is found in the
fermentations involved in the production of beer in sub-
tropical regions; “pombe” is the Swahili word for beer.
S. pombe is primarily a haploid (1N) unicellular organism.
In nutrient-rich media, wild-type cells undergo a mitotic
division approximately every 2 h. However, a variety of
conditions, or conditional mutants, can be used to block
cells at distinct stages of the cell cycle or synchronize cell
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Figure 1. Life cycle of the fission yeast, S. pombe. Fission yeast has a
short G; taking less than 10% of the cell cycle (stippled area is ex-
panded to aid representation). In rich medium, G, cells proceed into
S phase followed by a long G, (~70% of the cell cycle), mitosis, and
cytokinesis. When starved of nitrogen, cells of opposite mating-type
(+ and —) conjugate, after which nuclei fuse in a process known as
karyogamy. Premeiotic replication and recombination allows meiosis
T'and IT to proceed, resulting in four haploid nuclei that are separated
into four spores in an ascus. Provision of rich medium allows ger-
mination of spores and resumption of the vegetative cell cycle.
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cultures in G, /S, G,, or at metaphase. This is particularly
useful because the G, phase is very short in normally grow-
ing cultures and cells pass almost immediately into S phase
following cytokinesis; the major portion of the cell cycle is
spent in G, (Fig. 1) (Egel 2004).

S. pombe has two mating types, named plus (+) and
minus (—), and, like Saccharomyces cerevisiae, can switch
between opposite mating types. Mating types are equiva-
lent to dimorphic sexes in higher eukaryotes, although they
are haploid. The information for both mating types resides
in the genome as epigenetically regulated silent cassettes:
The (+4) information cassette is found at the mat2-P locus
and the (—) information cassette at the mat3-M locus.
These silent loci provide the genetic template for mating-
type identity, but mating type itself is determined by the
information (+ or —) that resides at the active matI locus.
Switching of information at the active matI locus occurs by
recombination between one of the silent loci (mat2-P or
mat3-M) and the matl locus according to a strict pattern
(Egel 2004). When starved of nitrogen, cells stop dividing
and arrest in G, which promotes the sexual phase of the life
cycle through conjugation of pairs of “4” and “—” cells to
form diploid zygotes (Fig. 1). After mating and nuclear
fusion, premeiotic replication occurs (increasing DNA
content from 2N to 4N). This is followed by the pairing
and recombination of homologous chromosomes, and
ends with the reductional meiosis I division and equational
meiosis II division. This produces four separate haploid
nuclei (1N) that become encapsulated into spores enclosed
in an ascus. The subsequent provision of a rich nutrient
source allows germination and resumption of vegetative
growth and mitotic cell division.

Nonswitching derivatives have been isolated or con-
structed in which all cells are either “4” or “—” mating
type. This facilitates controlled mating between strains of
distinct genotypes. Although S. pombe is normally haploid,
it is possible to select for diploid strains. Such diploid cells
can then divide by vegetative mitotic growth until starved
of nitrogen when they, too, undergo meiosis and form
“azygotic asci.”

2 SCREENS TO IDENTIFY HETEROCHROMATIN
COMPONENTS

The type of chromatin surrounding a gene can strongly
influence its expression. This was originally shown in the
fruit fly, Drosophila melanogaster, in which chromosomal
rearrangements that move the white gene close to centro-
meric heterochromatin led to its variable expression in eye
facets causing variegation in eye coloration (see Fig. 1
in Elgin and Reuter 2013). Studies in S. pombe showed
this through the variable silencing of a reporter gene
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when inserted into different centromeric regions. Scientists
have subsequently studied silent chromatin (i.e., hetero-
chromatin) as well as active chromatin (euchromatin) by
exploiting PEV of reporter or translocated genes. In fact,
in S. pombe, this approach has been fundamental in iden-
tifying many of the molecular components that define het-
erochromatin structures at centromeres and other regions
of the genome.

The first genetic screens to identify modifiers of PEV
were performed by selecting for mutants that allow expres-
sion of the normally silent mat2-P and mat3-M cassettes.
Mutants were identified because of aberrant mating pat-
terns or when selecting for expression of a ura4™ transgene
inserted in the silent mating-type region (Thon and Klar
1992; Ekwall and Ruusala 1994; Thon et al. 1994). These
screens identified a set of genes called crypticloci regulators
(i.e., the clrl™, clr2, clr3™, clr4™), as well as the rikl T and
swi6" genes (for the gene products see Table 1). These
proteins are the functional counterparts of the silent in-
formation regulator (Sir) proteins found in S. cerevisiae
(described in Grunstein and Gasser 2013). The link be-
tween heterochromatin formation occurring at centro-
meres and in the mat2-mat3 region became clear when
several of the Clr proteins were shown to be required for
silencing at centromeres as well as the mating-type loci in
S. pombe (Allshire et al. 1995).

To understand how the PEV screens have helped in
identifying components involved in centromeric hetero-
chromatin, it is useful to know the nature of the underlying

Table 1. Gene products identified in S. pombe forward PEV screens

DNA sequence at centromeres. At the DNA level, centro-
mere regions in fission yeast are composed of outer repeats
(subdivided into elements known as dg and dh), flanking a
central domain. The central domain includes the inner-
most repeats (imr), and a central core (cnt; Fig. 2A). The
three centromeres—cenl, cen2, and cen3—occupy ~40,
~60, and ~120 kb on chromosomes I, II, and III, respec-
tively (Fig. 2B; reviewed in Egel 2004; Pidoux and Allshire
2004). The repetitive nature of fission yeast centromere
DNA resembles the larger, more complex repeated struc-
tures associated with many metazoan centromeres, but
they are more amenable to manipulation. Because repeti-
tive DNA frequently correlates with the presence of hetero-
chromatin in other eukaryotes (see also Martienssen and
Moazed 2014), this suggested that fission yeast centromeres
might have heterochromatic properties such as the ability
to hinder gene expression. Reporter gene silencing has been
monitored in fission yeast by phenotypic assays similar to
those used in S. cerevisiae. For example, when the ura4™
reporter is silenced, colonies can form on counterselective
media containing 5-fluoroorotic acid. An alternative assay
monitors the silencing of the ade6™ reporter, which results
in red (repressed) rather than white (expressed) colony
color (Fig. 2A). Thus, placement of a normally expressed
gene, such as ura4™ or ade6™ within the centromere (as
defined by the outer repeat and central domain) results in
transcriptional silencing. Compared to the outer repeats,
silencing of ade6™ within the central domain is compara-
tively unstable, resulting in variegated colonies (i.e., either

Gene product

Molecular function

Reference(s)

Clr1 (Cryptic loci regulator 1)
Clr2 (Cryptic loci regulator 2)
complex

Clr3 (Cryptic loci regulator 3)

SHREC complex

Clr4 (Cryptic loci regulator 4)

Rik1

complex

Swi6

protein 1 homolog

Clr6 (Cryptic loci regulator 6) Histone deacetylase class I

Agol was identified as Csp9
(centromere: suppressor of
position effect 9)

Rpb7 was identified as Csp3
(centromere: suppressor of
position effect 3)

Rpb2

Epel (Enhanced position effect 1)

Cwf10 was identified as Csp4

Prp39 was identified as Csp5

jmjC domain protein
Splicing factor
Splicing factor

Zinc ion binding protein, part of the SHREC complex
Transcription-silencing protein Clr2; part of the SHREC

Histone deacetylase class I (H3-K14-specific); part of the

Histone methyltransferase KMTactivity (H3-K9-specific)
DNA-binding protein; part of the CLRC ubiquitin ligase
Chromo domain/shadow protein, heterochromatin
Argonaute protein, part of the RITS complex

DNA-directed RNA polymerase II subunit

DNA-directed RNA polymerase II subunit

Thon and Klar 1992
Ekwall and Ruusala 1994; Thon et al. 1994

Ekwall and Ruusala 1994; Thon et al. 1994;
Grewal et al. 1998

Ekwall and Ruusala 1994; Thon et al. 1994

Egel et al. 1989; Ekwall and Ruusala 1994

Ekwall and Ruusala 1994; Lorentz et al. 1994
Grewal et al. 1998
Ekwall et al. 1999; Volpe et al. 2003

Ekwall et al. 1999; Djupedal et al. 2005

Kato et al. 2005

Ayoub et al. 2003

Bayne et al. 2008; Ekwall et al. 1999
Bayne et al. 2008; Ekwall et al. 1999
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Figure 2. Distinct outer repeat heterochromatin and central kinetochore domains at fission yeast centromeres. (A,
top) Representation of a fission yeast centromere. The central domain ( pink, kinetochore) is composed of imr and
cnt elements, the outer repeats contain transcribed dg and dh repeats (green, heterochromatin). All three centro-
meres have a similar overall arrangement; however, the number of outer repeats differs: cenl (40 kb) has two, cen2
(65 kb) has three, and cen3 (110 kb) has approximately 13. Clusters of transfer RNA (tRNA) genes (double arrow-
heads) occur in the #mr region and at the extremities of all three centromeres. (Middle) Schematically shows
transcription patterns of marker genes placed within the outer repeats, central domain, or beyond the centromere.
(Bottom) Images showing the phenotype of S. pormbe colonies of ade6™ transgenics inserted at various sites within
the centromere. Cells expressing ade6 ™ from a transgene inserted in sequences outside the centromere form white
colonies. When ade6™ is inserted at sites within the outer repeats, expression is silenced and red colonies are formed.
Expression of ade6™ from the central domain is typically variegated, resulting in red, white, and sectored colonies.
(B) A schematic representation of S. pombe chromosomes. The three chromosomes are depicted showing the four

main regions of heterochromatin: centromere, telomere, mat2/3, and rDNA regions.

red, white, or red—white sectored colonies). Moreover, just
1 kb distal to the outer repeats no silencing occurs (Allshire
etal. 1994, 1995), indicating that transcriptional repression
is confined to the centromere.

3 DIFFERENT TYPES OF HETEROCHROMATIN

Apart from centromeres, other repressive regions of the
genome can silence transgene expression, notably the mat-
ing-typeloci (mat2-mat3), the IDNA region, and telomeres
(reviewed in Egel 2004 ). Together, these constitute the four
regions of heterochromatin in S. pormbe (Fig. 2B). With the
possible exception of the rDNA region, it turns out that
each region of silent chromatin has an essential function.
At centromeres, heterochromatin ensures normal chromo-
some segregation (Allshire et al. 1995; Ekwall et al. 1995),
whereas at the mating-type loci it facilitates and regulates
mating-type switching (reviewed in Egel 2004). Silent chro-
matin formed adjacent to telomeres (Nimmo et al. 1994;
Kanoh et al. 2005) plays a role in meiotic chromosome
segregation (Nimmo et al. 1998), whereas the function of
heterochromatin in the rDNA region of S. pombe has not

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a018770

been established yet (Thon and Verhein-Hansen 2000; Cam
et al. 2005). It could be involved in maintaining rDNA
stability by preventing recombination between rDNA re-
peat sequences just like in S. cerevisiae (described in Grun-
stein and Gasser 2013).

The mechanisms that S. pombe uses to achieve hetero-
chromatic silencing distinguish it from S. cerevisiae, mak-
ing it more akin to Neurospora crassa, plants, and metazoa.
So, although S. pombe and S. cerevisiae have silent chroma-
tin at telomeres, the mating-type loci, and rDNA regions,
only S. pombe shows silencing at centromeres. Silencing is
mediated by distinct histone-modifying activities (in par-
ticular, histone H3K9 methylation), RNAI proteins, the
RNA polymerase (RNA Pol) II machinery and homologs
of heterochromatin protein 1 (HP1; see Table 1). These
mechanisms are conserved in higher eukaryotes. Interest-
ingly S. pombe, in contrast to N. crassa and many other
eukaryotes, appears to lack any detectable DNA methyla-
tion (Wilkinson et al. 1995), a common mechanism used
for silencing chromatin in higher eukaryotes (see Li and
Zhang 2014; Pikaard and Mittelsten Sheid 2014); thus,
silencing in fission yeast is mediated primarily by chroma-
tin modifications and the RNAi machinery.
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4 S. POMBE CENTROMERES: A PARADIGM FOR
STUDYING HETEROCHROMATIN

Heterochromatin formation at centromeres is a complex
process involving chromatin factors, noncoding RNA,
RNA Pol II, and its associated proteins. It is also strictly
controlled by chromatin boundaries (see Sec. 4.5), which
prevent the spreading of heterochromatin. It is important
to note that chromatin boundaries need to be maintained
throughout the cell cycle. This section discusses these fac-
tors and processes, which together control the formation of
heterochromatin.

4.1 Chromatin Factors

In chromatin, the amino-terminal tails of histones H3 and
H4 are subject to a range of posttranslational modifica-
tions, which generally correlate with active or repressed
states (summarized in Allis et al. 2014). The centromeric
heterochromatin domain at outer repeats in fission yeast
contains di- and trimethylated histone H3 at lysine 9
(H3K9me2 and H3K9me3; Nakayama et al. 2001; Yamada

A Outer repeat
— — —~
B

Central domain

et al. 2005). In most eukaryotic organisms, H3K9me2 and
H3K9me3 are characteristic of silent heterochromatin.
Because H3K9 methylation extends over a long stretch
of heterochromatin, how does the process of heterochro-
matinization occur? Studies indicate it predominantly
spreads through the concerted action of histone deacety-
lases (HDACs), the Clr4 histone lysine methyltransferase
(KMT/HMTase), and the HP1 homolog, Swi6.

HDACs such as Clr3, Clr6, and Sir2 deacetylate his-
tone H3 at various lysine residues, which contribute to
generating repressive heterochromatin (discussed in Shan-
karanarayana 2003; Wiren et al. 2005; Seto and Yoshida
2014). More recent studies, dissecting where, when, and
how the different enzymes work, have identified that Clr3
operates as part of a complex called SHREC, which helps to
deacetylate chromatin (Fig. 3) (Sugiyama et al. 2007). Clr4
is the key KMT/HKMT that methylates H3K9 over the
centromeric outer repeats. Clr4 functions as part of a com-
plex called CLRC, which, through methylation of H3K9,
creates a specific binding site recognized by factors con-
taining a chromodomain motif. Interestingly, Clr4 con-
tains a chromodomain; thus, it not only methylates

Outer repeat

Heterochromatin

Kinetochore

CENP-A

Heterochromatin

chromatin

Figure 3. Centromeric chromatin domains in S. pombe. (A) A schematic representation of the symmetrical DNA
arrangement in S. pombe centromeres. (B) Heterochromatin: outer repeats are packaged in nucleosomes, which
are methylated on lysine 9 of histone H3 (H3K9me) by Clr4 as part of the CLRC complex. This allows the
binding of chromodomain proteins Chpl (a component of the RNAi RITS complex), Chp2, and Swi6. Collec-
tively, these and other factors, including the SHREC complex-containing Clr3 histone deacetylase activity and
the RDRC complex, act to assemble and propagate heterochromatin. Central “kinetochore” chromatin: CENP-A
is found in the central domain where it probably replaces the majority of histone H3 to form specialized
nucleosomes (coral colored). In addition to CENP-A, several proteins assemble at the central domain chromatin
to form the inner and outer kinetochore multiprotein structures (coral arc). See Figure 6 for a description of the

kinetochore.
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H3K9, but also binds H3K9me2/3, likely effecting adjacent
H3K9 methylation through its catalytic domain in a se-
quential fashion (Zhang et al. 2008).

Swi6 is a chromodomain-containing HP1 homolog
known to bind methylated H3K9 and contribute to the
formation of silent chromatin over the outer repeats
(Fig. 3) (Bannister et al. 2001; Nakayama et al. 2001). In
addition to the chromodomain, Swi6 has another func-
tional domain called the chromoshadow domain, which
causes self-dimerization (Cowieson et al. 2000). This sug-
gests an important role for nucleosome-bridging in het-
erochromatin assembly (Canzio et al. 2011), presumably
altering nucleosome repeat length in heterochromatin
compared to euchromatin (Lantermann et al. 2010). Re-
porter gene insertions at the outer repeats (e.g., the ura4™
gene) are notably enriched in H3K9me2 and Swi6 proteins,
stressing how important Clr4-mediated H3K9 methyla-
tion and Swi6 heterochromatin spreading is not only with-
in the centromere outer repeats but also into neighboring
interposing sequences (Cowieson et al. 2000; Nakayama
et al. 2001).

Chp1, another chromodomain protein, also associates
with outer repeat chromatin at centromeres by binding
methylated H3K9, as does Swi6. Chpl is a member of the
RNA-induced transcriptional silencing or RITS complex—
another player in the heterochromatin-forming process.
The RITS complex is part of the RNAi machinery, which
is also required for the complete methylation of histone
H3KO9 over the outer repeats and inserted reporter genes
(Partridge et al. 2002; Motamedi et al. 2004; Sadaie et al.
2004). The contribution of RNAIi to heterochromatin for-
mation is further explained in Section 4.2 and in Martiens-
sen and Moazed (2014).

Altogether there are four chromodomain proteins in
S. pombe (Chpl, Chp2, Swi6, and Clr4). Two of these,
Clr4 and Chpl, have reduced affinities for methylated
H3K9 when H3K4 is acetylated by the histone lysine ace-
tyltransferase (HAT or sometimes abbreviated to KAT) en-
zyme, Mst1. This suggests that H3K4 methylation acts like a
switch: After DNA replication, Clr4/Chpl occupancy at
H3K9me2/3 is promoted on newly deposited histones
where H3K4 is unacetylated. On Mstl acetylation of
H3K4, occupancy switches to favor Chp2/Swi6 as the cell
cycle progresses and heterochromatin is fully reassembled
after DNA replication (Xhemalce and Kouzarides 2010).
The concept of heterochromatin maintenance throughout
the cell cycle is expanded in Section 4.4.

However, chromodomains are not the only interaction
surface between these HP1-like proteins with chromo-
somes. Interestingly, Swi6 was recently shown to have a
strong RNA-binding activity via a hinge region in the pro-
tein, and this RNA-binding domain has a specific function
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in the destruction of transcripts originating from hetero-
chromatin regions (described in Sec. 4.2). Mutations in the
hinge domain lead to reduced silencing of such transcripts,
but the integrity of heterochromatin is not affected, indi-
cating that Swi6 performs an effector function downstream
from methylated H3K9 (Keller et al. 2012). Thus, chroma-
tin factors including histone modifiers and HP1-like pro-
teins cooperate to specify heterochromatin in S. pombe.

4.2 RNAi and the RNA Pol Il Machinery
in Heterochromatin Assembly

RNAI is an important mechanism contributing to hetero-
chromatin formation in S. pombe. The phenomenon of
RNAi was first discovered in Caenorhabditis elegans in
which the expression of double-stranded RNA (dsRNA)
abolished the expression of a homologous gene. It soon
became apparent that this form of RNAI is related to the
process of transcriptional gene silencing (TGS) described
in plants (see Pikaard and Mittelsten Scheid 2014) and
quelling in N. crassa (Aramayo and Selker 2013). These
are processes of silencing that occur when a region is tran-
scriptionally active, and transcripts that generate regions of
dsRNA (e.g., through the self-annealing of inverted re-
peats) can be processed into small RNA fragments (termed
small RNA biogenesis). These small RNAs are taken up by
effector complexes and can trigger silent chromatin via
targeting activities, which cause DNA methylation and his-
tone modification (see Figs. 1 and 2 of Martienssen and
Moazed 2014). This process of silencing appears to be in
operation from S. pombe to plants and metazoans, includ-
ing mammals.

Studies of the components of the RNAi machinery in
S. pombe have led to significant advances in our under-
standing of RNAi-mediated chromatin modification and
silencing. Mutants in the RNAi machinery in S. pombe
result in reduced H3K9me2 and loss of silencing over the
outer repeats of centromeres (Volpe et al. 2002). Surpris-
ingly at the time, these RNAi mutants revealed overlapping
noncoding RNA (ncRNA) transcripts of a discrete size,
originating from centromeric outer repeats. These ncRNAs
were homologous to naturally occurring small dsRNAs
called small interfering RNAs (siRNAs; ~21 nt) that had
been isolated and sequenced from S. pombe (Reinhart and
Bartel 2002). We now know that these long noncoding
double-stranded centromere repeat transcripts are cleaved
by the Dicer (Dcrl) enzyme to generate siRNAs. These
siRNAs then act to guide the RNAi machinery to homolo-
gous transcripts.

One of the initial questions in trying to elucidate how
TGS worked in S. pombe was “Which RNA polymerase was
responsible for the noncoding transcription of centromere
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repeats?” Mutation of either subunit of RNA Pol II (Rpb2
and Rpb?7) results in defective centromere silencing (Dju-
pedal et al. 2005; Kato et al. 2005) although these mutations
display very different phenotypes. The rpb7-1 mutant
shows reduced levels of centromere repeat transcription,
resulting in less ncRNA and, consequently, less siRNA pro-
duction and a loss of silent chromatin. This implies that
RNA Pol II is required for the transcription of centromere
repeats, which then provides the primary substrate for
RNAI. In contrast, centromeric transcripts in the rpb2-
m203 mutant are produced but not processed into siRNA,
and H3K9 methylation at centromeres is reduced. These
studies indicate that RNAi not only requires an RNA Pol IT
transcript but that, like other RNA-processing events, the
production of centromeric siRNA may be coupled to tran-
scription by interactions between the RNAi machinery,
chromatin, histone-modifying enzymes, and RNA Pol II.

The RNAi machinery in S. pombe is complex and not
yet fully understood. In addition to transcription of non-
coding centromeric outer repeats by RNA Pol II and the
processing of transcripts into siRNAs by Dcrl, the key ac-
tivities of the RNAi machinery involve two complexes:
RITS and RDRC (RNA-directed RNA polymerase com-
plex; summarized in Fig. 4 of Martienssen and Moazed
2014). The RITS complex incorporates siRNAs to then
direct it to centromere outer repeats via sequence recogni-
tion as well as H3K9me2 /3 recognition through the Chpl
chromodomain (see Sec. 4.3). RDRC is recruited to ampli-
ty the process of TGS by generating more long double-
stranded ncRNAs through the action of Rdp1 (RNA-direct-
ed RNA polymerase 1). Rdp1 transcribes from transcripts
primed with siRNAs presented by the RITS complex. The
chromatin-modifying machineries that execute chromatin
changes include the CLRC (for Clr4-Rik1-Cul4 complex)
and the SHREC complex. CLRC is recruited by the RITS
complex via the Stcl protein (Bayne et al. 2010; see Sec.
4.4). Once recruited, Clr4 methylates H3K9 over the outer
repeats and this allows it to bind directly to H3K9me2/3
via its chromodomain. The HP1 homologs Swi6 and
Chp2 play further roles in establishing and maintaining
heterochromatin.

Initiation of transcription, transcriptional elongation,
and transcript processing are as important for heterochro-
matin assembly as they are for euchromatic gene expres-
sion. Several associated factors and activities are important
for these different steps of the RNA Pol II transcription
cycle, in addition to RNA Pol 1T itself. FACT, an RNA Pol
IT-associated chromatin assembly factor, and Spt6, another
RNA Pol I-associated protein both colocalize to pericen-
tric repeats. Spt6 is specifically required for facilitating tri-
methylation of H3K9, Swi6 binding, siRNA production,
and recruitment of the HDAC enzyme Clr3 (Kiely et al.

2011). Mutations in the FACT component, Pob3, have a
similar phenotype to spt6 implicating FACT in the same
processes (Lejeune et al. 2007).

Interestingly, mutations in chromatin-modifying activ-
ities or RNA-processing factors have been shown to sup-
press the need for Dcr1. For example, loss of Mst2 activity, a
H3K14-specific acetyltransferase, completely suppresses
dcrl mutants; that is, it eliminates the need for the RNAi
machinery in heterochromatin maintenance, but not in the
establishment of new heterochromatin (Reddy et al. 2011).
This suggests that an important role of the RNAi directed
heterochromatin process is to prevent Mst2 activity, which
might interfere with CLRC recruitment.

Another example of bypassing the RNAi pathway is by
knocking out the gene encoding Mlo3, involved in mRNP
biogenesis and RNA quality control. This also suppresses
the need for Dcrl (Reyes-Turcu et al. 2011). It was suggest-
ed that in mlo3 agol knockout cells there is an aberrant
accumulation of centromeric transcripts, which results in
the recruitment of the CLRC complex via Rik1 (Hong et al.
2005; Horn et al. 2005). In wild-type cells, CLRC acts
downstream from the RNAi pathway and is required for
heterochromatin silencing by recruiting and promoting the
activity of the Clr4 enzyme. Thus, this RNAi-independent
recruitment mechanism of CLRC allows the induction of
heterochromatin assembly at repeat sequences in mlo3 agol
knockout cells (Reyes-Turcu et al. 2011).

Another RNA Pol 1II linked event is splicing of pre-
mRNA by the spliceosome. There is not a general require-
ment for the spliceosome or the splicing process in hetero-
chromatin formation, although some specific splicing
factors are required for siRNA production (Bayne et al.
2008; Bernard et al. 2010). It remains to be determined
how exactly these splicing factors contribute to RNAI, but
their physical interaction with the RDRC suggests a direct
role in RNAI. Findings in C. elegans and Cryptococcus neo-
formans corroborate the idea that splicing can be linked to
RNAI. Clearly, heterochromatin formation is a complex
process involving the RNA Pol I machinery, RNAj, splicing
factors, and chromatin-modifying machinery.

4.3 Establishment of Heterochromatin

Detailed analysis of the genetic requirements for the initial
establishment and the subsequent maintenance of hetero-
chromatin indicate that these steps are distinct. Two models
have been suggested to explain how heterochromatin is
established over repeat sequences.

The first model suggests that RITS-associated siRNA
may home in on nascent transcripts as they emerge from
RNA Pol II engaged with the homologous locus. Consistent
with this notion, artificial tethering of the RITS subunit
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Tas3 to the mRNA of the normally active ura4™ locus can
initiate heterochromatin formation over the ura4™ gene
(Buhler et al. 2006). But where do the initial siRNAs that
trigger heterochromatin formation come from? The pro-
duction of spurious small “primal” RNA by RNA degrada-
tion has been suggested to start off the heterochromatin
establishment process (Halic and Moazed 2010). Alterna-
tively, RNA Pol IT transcripts could fold into self-structured
double-stranded regions that are cleaved by Dcr1 to initiate
heterochromatin formation (Djupedal et al. 2009; see
Fig. 2 of Martienssen and Moazed 2014). Once recogni-
tion has taken place, the RITS-siRNA complex might be
stabilized on these transcripts resulting in the recruit-
ment of chromatin-modifying activities such as Clr4 as
part of the CLRC complex (see Fig. 4 of Martienssen
and Moazed 2014). Consistent with this idea, artificial teth-
ering of Clr4 can completely bypass the need for RNAi
during synthetic heterochromatin assembly (Kagansky
et al. 2009).

A surprising result was that centromeric siRNAs were
lost in cells lacking Clr4 activity (Noma et al. 2004; Hong
et al. 2005). It is possible that the absence of Clr4 affects
siRNA production by destabilizing associations between
various components at the interface between transcription,
RNAI, and chromatin modification (Motamedi et al. 2004).
In some repeat regions, Clr4 can trigger RNAIi indepen-
dently of H3K9 methylation (Gerace et al. 2010) making
it possible that Clr4 has additional targets for its HKMTase
activity apart from histone H3, which might be important
for siRNA amplification from repeat sequences.

A second model proposes that H3K9 methylation may
be required to allow the generation of siRNAs in cis via the
action of various RNA-processing activities (e.g., Rdp1) on
primary centromeric transcripts (Noma et al. 2004; Sugi-
yama et al. 2005). Experiments with mutants of the RITS
component Tas3, in which Tas3 is separated from the com-
plex (so that Tas3 still interacts with Chpl binding to
H3K9me but not with Agol), suggest that H3K9me is re-
quired before the production of small RNAs (Partridge
et al. 2007). However, experiments showing that cells
with H3K9 substitutions still produce small RNA argue
against this model (Djupedal et al. 2009; Gerace et al.
2010). Clearly, more research is needed to understand
what essential initiating steps versus reinforcing steps are
required to generate heterochromatin.

4.4 Maintenance of Heterochromatin

Once heterochromatin is established, it must be main-
tained through cell division. The heterochromatin protein
Swib is released from chromatin during mitosis because of
the phosphorylation of the adjacent H3S10 residue (Fig.
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4A) (Chen et al. 2008). Therefore, it is essential that Swi6
binding and the heterochromatic state are reestablished in S
phase, when chromatin is replicated. Transcription of non-
coding repeat sequences plays a crucial role in this mainte-
nance mechanism, as it does for the establishment phase.
The implication of RNA Pol II in heterochromatin assem-
bly was initially thought to be a paradox because condensed
heterochromatin was considered refractory to RNA poly-
merase activity. However, it appears that RNA Pol II is
associated with the repeat sequences mainly during S phase
of the cell cycle (Chen et al. 2008; Kloc et al. 2008). The
decondensation of heterochromatin that occurs in this
short window of time during DNA replication, before
new heterochromatin is made, leads to a transient burst
of RNA Pol IT activity. This burst of transcription is thought
to result in a boost of siRNA production leading to recruit-
ment of heterochromatin assembly factors (Fig. 4A). As
described in Section 4.1, other chromatin factors (i.e.,
HDACsS) are also recruited at this stage to allow for reas-
sembly of heterochromatin. A popular model is that
siRNAs guide the RITS and RDRC complexes (i.e., RNAi
machinery) to the chromosomes via the nascent noncod-
ing RNA, providing a platform for the RNAi machinery
(Motamedi et al. 2004). Interestingly, the LIM domain
protein, Stcl, interacts both with the RITS Agol protein
and CLRG; tethering of Stcl is sufficient for heterochro-
matin assembly (Bayne et al. 2010). Thus, Stcl seems to
constitute the missing link between chromatin modifica-
tion and the RNAi pathway, providing an explanation to
why RNAI is needed to target H3K9 methylation.

In an alternative but not mutually exclusive model,
RNAI plays a role in transcriptional termination leading
to the avoidance of collisions between DNA polymerase
and RNA Pol II (Fig. 4B) (Zaratiegui et al. 2011). In the
absence of RNAI, experiments showed that such collisions
cause stalled DNA replication forks that are repaired by
homologous recombination (Zaratiegui et al. 2011). In
this model, the HKMT activity is recruited via association
with DNA polymerase epsilon interacting with the CLRC
complex, linking the heterochromatin assembly process to
lagging strand synthesis of DNA (Liet al. 2011). Thus, there
is evidence for two distinct ways of CLRC recruitment to
chromosomes in S. pombe. Clearly, further experiments are
needed to determine their relative importance in the main-
tenance of heterochromatin.

4.5 Chromatin Boundaries: The Antisilencing
Activity of Epe1 and Cullin Ligases

A key question is how distinct boundaries are set and main-
tained between heterochromatin and euchromatin. There
are several types of heterochromatin boundary elements in
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Figure 4. Cell-cycle regulation of centromere heterochromatin assembly. (A) Heterochromatin located at chromo-
somal centromeres becomes differentially methylated and phosphorylated on histones throughout the cell cycle as
indicated. These modifications control the binding of the heterochromatin protein Swi6. During mitosis Swi6 is
displaced by H3S10 phosphorylation. Swi6 binding is reestablished during subsequent DNA replication (S phase)
when a more accessible chromatin structure permits RNA Pol II to transcribe centromeric DNA. This, in turn,
recruits the RNAi machinery to direct H3K9me methylation. (B) Replication-coupled RNAi model (Li et al. 2011).
This figure illustrates an alternative model for how RNAi works at centromeres. Here, RNAi serves to release RNA Pol
II from chromatin to avoid collision with DNA replication machinery during S phase. See text for further details. (A,

Adapted from Djupedal and Ekwall 2008.)
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Figure 5. Chromatin boundaries and the boundary mechanism involving Epel (for enhancement of position effect)
in S. pombe. (A) A schematic representation of different types of boundary elements in S. pombe. (B) The mechanism
of boundary function by Epel. Epel associates with Swi6, however, when the antisilencing factor is ubiquitinated by
the Cul4-Ddbl ligase and degraded in the heterochromatin region to allow for heterochromatin assembly. However,
at boundaries, Epel is somehow protected from degradation, thus restricting the spreading of heterochromatin.
Phosphorylation of Swi6 contributes to the dissociation of Epel at heterochromatin, while promoting the associ-
ation with the HDAC complex SHREC in maintaining histone hypoacetylation. (A, Adapted from Scott et al. 2007.)

S. pombe: diffuse boundaries, RNA Pol II inverted repeat
(IR) barriers, B-box barriers, RNA Pol ITI-dependent tRNA
barriers, and RNA Pol III-independent I'TR barriers (long
terminal repeat sequences derived from retrotransposons)
elements (Fig. 5A) (Scott et al. 2007; Stralfors et al. 2011).
Several tRNA genes reside between the outer repeats and
the central kinetochore domain (double arrowheads in Fig.
2A). These have been shown to act as a barrier preventing
heterochromatin from encroaching into the central do-
main (Scott et al. 2006).

One of the best-studied boundary factors, Epel, was
first identified through a mutation that enhances hetero-
chromatin formation (Ayoub et al. 2003). Epel interacts
with Swi6 and somehow restricts H3K9 methylation to
within heterochromatic regions. It also reduces siRNA pro-
duction and promotes RNA Pol II occupancy in het-
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erochromatin (Zofall and Grewal 2006; Isaac et al. 2007;
Trewick et al. 2007), thereby limiting heterochromatin as-
sembly beyond (IR) boundaries in the mat2-mat3 region
and pericentric regions of chromosomes 1 and 3 (Trewick
et al. 2007; Braun et al. 2011). Based on its function in
restricting heterochromatin domains from spreading into
euchromatin, Epel has been termed an antisilencing factor.
How, then, is the function of Epel restricted to chromatin
boundary regions? It is thought to uniformly associate with
heterochromatin through association with Swi6; however,
the ubiquitinating action of the cullin-dependent ligase
Cul4-Ddb1 degrades Epel in heterochromatin so that it
becomes restricted to the heterochromatin/euchromatin
boundary regions (Fig. 5B) (Braun et al. 2011). What pre-
vents the ubiquitin ligase from acting on Epel at bound-
aries is currently an open question.
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Determining and maintaining a particular chromatin
structure is clearly a dynamic process involving the inter-
action and competition of many factors. Epel operates in
the context of many other chromatin factors, and research is
beginning to show how it interacts or competes with these
other proteins and complexes. Epel counteracts HDAC
activity by competing with the SHREC complex (contain-
ing the Clr3 HDAC, SNF2 remodeling factor, Mitl, and
telomere end protection protein, Ccql) for binding to het-
erochromatin (Sugiyama et al. 2007). Interestingly, phos-
phorylation of Swi6 by casein kinase 2 (CK2) promotes
SHREC binding and heterochromatin spreading, which
leads to reduced Epel levels (Shimada et al. 2009). Reduced
phosphorylation of Swi6 leads to the opposite situation,
with less SHREC and more Epel, and hence reduced
spreading of heterochromatin. Exactly why SHREC re-
quires CK2-dependent phosphorylation of Swi6 to localize
at the heterochromatic domain is not yet known.

The Fun30 remodeling factor Fft3, an ATPase helicase
of the SNF2 family, also functions at boundaries (see Beck-
er and Workman 2013 for details of how the SNF2 enzymes
work). Fft3 is localized to the centromeric tRNA and
subtelomeric ITR boundary regions, where it prevents eu-
chromatin formation in the centromeric domain and
subtelomeric regions (Stralfors et al. 2011). Thus, Fft3 per-
forms a new type of boundary function at tRNAs, which
does not limit the spreading of heterochromatin, but pre-
vents euchromatin marks such as H3/H4 acetylation or
the histone variant H2A.Z from invading the insulated
regions. Fft3 works similarly at subtelomeric LTR bound-
aries preventing the formation of euchromatin in these
regions (Buchanan et al. 2009). It is currently not known
how chromatin remodeling at these boundaries leads to
this type of insulator function, but one possibility is that
this function involves changes in higher-order chromatin
structure and nuclear organization (see Sec. 8 for a discus-
sion of nuclear organization in S. pombe).

5 S. POMBE CENTRAL DOMAIN CHROMATIN
AND KINETOCHORES

The central domain is the site of kinetochore assembly and
its chromatin is very distinct from the flanking outer repeat
heterochromatin. The kinetochore is the protein structure
that forms at centromeres to facilitate the separation of
sister chromatids along spindle fibers during M phase.
The variegated silencing of reporter genes in the ~10-kb
central domain of cenl was indicative of a different chro-
matin configuration, which is essentially independent of
Clr4 and therefore does not involve methylation of H3K9
(Fig. 3). The distinct chromatin composition was initially
shown by micrococcal nuclease analysis (see Elgin and Reu-
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Figure 6. Centromeric chromatin and kinetochores in S. pombe. The
central domain of S. pombe centromeres is composed of CENP-A-
containing chromatin and a multiprotein network that makes up the
kinetochore. The inner constitutive centromere-associated network
(CCAN) and outer KMN kinetochore protein networks are depicted
and the different protein components listed below. Kinetochore as-
sembly within the central domain mediates attachment to microtu-
bules on spindle formation and chromosome segregation.

ter 2013 for an explanation of MNase digestion), which
revealed a smear in contrast to the regular 150-bp ladder
characteristic of flanking outer repeat chromatin (Polizzi
and Clarke 1991; Takahashi et al. 1992). This distinct pat-
tern differentiated central domain chromatin from both
heterochromatin and euchromatin, reflecting its assembly
into distinctive chromatin and the assembly of the kineto-
chore over it. Later research in various eukaryotes showed
that all active centromere chromatin examined contained a
histone H3-like protein known as CENP-A (or CenH3),
which is critical for specifying the site of kinetochore as-
sembly (Fig. 6).

5.1 The Central Domain Contains CENP-A

In the central core domain of fission yeast centromeres, the
majority of histone H3 is replaced by the variant CENP-A
ortholog known as Cnp1 (Takahashi et al. 2000). If CENP-
AS"P! chromatin structure is disrupted (as in the case of
kinetochore mutants), then the specific smeared micrococ-
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cal nuclease digestion pattern reverts to a pattern more
typical of bulk chromatin (i.e., a nucleosomal ladder) with-
out affecting adjacent heterochromatin or gene silencing in
the outer repeats (Pidoux et al. 2003; Hayashi et al. 2004).
Furthermore, the fact that CENP-A“"P! and other kineto-
chore proteins only associate with the central domain
shows that the central kinetochore domain is structurally
complex and functionally distinct from outer repeat silent
heterochromatin (Fig. 6).

It has been estimated, based on Cnpl-GFP intensity,
that there are 680 CENP-A“"' molecules per cell in
S. pombe (Coffman et al. 2011). Quantitation using sin-
gle-molecule microscopy, however, concluded that there
are 72—82 molecules of CENP-A“"P! per centromere clus-
ter (containing all three centromeres) in G, cells. Estimates
based on ChIP-seq (chromatin immunoprecipitation cou-
pled to DNA sequencing) measurements yielded between
19 and 24 CENP-A nucleosomes per centromere; hence, a
total of 64 molecules per haploid cell (Lando et al. 2012).
These results indicate that there are ~10-20 CENP-A“"P!
particles at each centromere and CENP-A is deposited in
mid to late G, phase of the cell cycle.

Although not all known kinetochore domain proteins
have been tested, thus far it appears that silencing within
the central domain is a result of the steric hindrance caused
from the assembly of an intact kinetochore. The inner ki-
netochore consists of the CCAN totaling 15 proteins. This
includes the S. pormbe homologs of several CENP proteins
(Fig. 6) (reviewed in Perpelescu and Fukagawa 2011). Out-
side of CCAN, we find the “outer kinetochore” KMN com-
plex, which is made up of another conserved network of
proteins including the Ndc80 and Misl2 protein sub-
complexes and Spc7 (reviewed in Buttrick and Millar
2011). Together, these protein networks bind centromeric
CENP-A chromatin, helping to form stable kinetochore-
microtubule attachments. This large complex of proteins
presumably restricts access of RNA Pol II to reporter genes
placed within this region and thereby impedes their tran-
scription. In conditional temperature-sensitive kineto-
chore mutants, the kinetochore integrity is clearly only
partially functional at the growth permissive temperature
and this allows for increased transcription of reporter
genes. An advantage of this is that a normally silent reporter
gene that becomes active has been used to assay for defects
in central core chromatin, leading to the identification of
novel kinetochore proteins (Pidoux et al. 2003).

5.2 Epigenetic Inheritance of the Functional
Centromere State

Evidence from many organisms has contributed to the hy-
pothesis that CENP-A is the epigenetic mark that specifies
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centromere identity. Recent observations in Drosophila in-
dicate that CENP-A chromatin is able to self-propagate.
Studies in fission yeast have contributed to our understand-
ing of CENP-A maintenance as well as the establishment of
this unique chromatin state. In addition, elegant studies on
formation of neocentromeres and inactivation of dicentric
chromosomes highlight the importance of S. pombe in epi-
genetic research.

An interesting epigenetic phenomenon has been de-
scribed with respect to the assembly of functional centro-
meres in fission yeast using plasmids containing minimal
regions for centromere function. Plasmids that retain only
part of an outer repeat and most of the central domain
can assemble a functional centromere, albeit inefficiently.
Once this functional centromere state has been estab-
lished, however, it can be propagated through many mi-
totic divisions and even through meiosis (Steiner and
Clarke 1994; Ngan and Clarke 1997). One interpretation
is that the outer repeats provide an environment that is
favorable for kinetochore assembly (Pidoux and Allshire
2005), but once assembled, CENP-A“"P! chromatin and
thus the kinetochore is propagated at this position by a
templating mechanism that may be coupled to replication.
It is possible that heterochromatin somehow induces or
aids the deposition of CENP-A“"P! in the central domain
(Fig. 7A) such that only one block of heterochromatin is
sufficient for kinetochore assembly. In fact, heterochroma-
tin and RNAI are required for de novo assembly of CENP-
A chromatin on naked DNA introduced into cells (Folco
et al. 2008). Further evidence for the epigenetic nature of
centromeric chromatin in S. pombe came from studies on
neocentromeres (Ishii et al. 2008). Neocentromeres can be
formed in subtelomeric regions, lacking any centromeric
DNA sequences, on induced deletion of the centromere.
This suggests that the formation of neocentromeres in the
vicinity of subtelomeric heterochromatin probably reflects
a key role for heterochromatin in centromere establish-
ment (Castillo et al. 2013). Another illustration of epige-
netic regulation in S. pombe is provided by the way
that cells deal with dicentric chromosomes. One centro-
mere in a dicentric chromosome can become inactivated
because of disassembly of the kinetochore and the CENP-
A chromatin and assembly of heterochromatin over the
central domain (Sato et al. 2012). Even in the absence of
heterochromatin components, centromeric shutdown can
occur by the assembly of a hypoacetylated chromatin state.
In addition, inactivated centromeres can become reacti-
vated in certain situations. These observations serve to
show the plasticity and epigenetic nature of centro-
meric chromatin; the same DNA can be assembled into
a variety of different chromatin states, which have different
functions.
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Figure 7. CENP-A chromatin establishment and propagation through the cell cycle. (A) Central domain DNA alone
is unable to establish a functional centromere; outer repeats are required. Loss of heterochromatin from established
centromeres does not affect CENP-A“"P" or kinetochore maintenance in the central domain. This suggests that
heterochromatin may, in some way, initially direct the site of CENP-A™" chromatin and thus kinetochore assembly.
(B) Cell-cycle dependency of CENP-A"P! recruitment in S. pombe. In S. pombe, centromeric DNA is replicated and
existing CENP-A“"P! is diluted by nucleosome segregation to sister chromatids during S phase. Recruitment of new
CENP-A occurs during the G, phase, indicated by the pink nucleosomes. The Sim3 histone chaperone interacts with
new CENP-A“"P! and delivers it to the centromere, where it is received by Scm3 and assembled into nucleosomes by
unknown factors and mechanisms. Nucleosome gaps could be filled or H3 nucleosomes could be replaced. Scm3 is
shown as a dimer interacting directly with Mis18. Scm3 recruitment at centromeres requires the Sim4/Mis6 and
Mis16/Mis18 complexes. Mis16/Mis18 and Scm3 are removed from centromeres during mitosis and reassociate in
G;. (B, Adapted from Mellone et al. 2009.)
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Once CENP-A®"P! chromatin is established, hetero-
chromatin is not required to propagate it in subsequent
cell divisions. What is the mechanism of CENP-A propa-
gation through the cell cycle? Unlike in Drosophila and
mammals in which loading occurs in G;, CENP-A"" dep-
osition in S. pombe occurs mainly during the G, phase of
the cell cycle (Fig. 7B) (Lando et al. 2012). Kinetochore
proteins themselves govern the localization and assembly
of CENP-A“"P! specifically within the central domain
(Goshima et al. 1999; Takahashi et al. 2000; Pidoux et al.
2003). Several loading factors and chaperones for CENP-
A"! have been identified. Mis16, an RpAp46/RpAp48-
like protein, and Mis18/KNL are conserved centromeric
proteins required for CENP-A loading and histone deace-
tylation in the central core region (Hayashi et al. 2004).
They dissociate from centromeres, from early mitosis ( pro-
phase) until mid-anaphase, but remain associated for the
rest of the cell cycle (Fujita et al. 2007). Sim3, a NASP-like
protein, binds CENP-A“"P! and acts as a chaperone to de-
liver it to centromeres (Dunleavy et al. 2007). Scm3 (ortho-
log of HJURP) is a CENP-A“"P! chaperone required for
assembly of CENP-A chromatin, and it dissociates from
centromeres in mitosis similar to Mis16 and Mis18 (Pidoux
et al. 2009; Williams et al. 2009). It is currently unknown
what restricts CENP-A“"P! replenishment to the G, phase
of the cell cycle in S. pombe.

In addition to the chaperones and loading factors, SNF2
family members of chromatin-remodeling factors are also
required for CENP-A“"P' loading. The SNF2 remodeler
Hrp1 (a Chdl ortholog) is localized to centromeric chro-
matin where it is required to maintain high CENP-A“"""
levels (Walfridsson et al. 2005). Unstable noncoding tran-
scripts that originate from the centromeric central core
chromatin have been recently described in S. pombe (Choi
etal. 2011). During the process of noncoding transcription
in this region, nucleosome disassembly and reassembly re-
actions must occur, and it is conceivable that Hrp1 acts in
these transcription-coupled chromatin remodeling and as-
sembly activities to evict H3 and maintain CENP-A“"P" at
centromeres. Consistent with this, loss of factors required
for the reassembly and stabilization of H3 nucleosomes
behind RNA Pol I, such as FACT and Clr6-complex I, pro-
motes CENP-A assembly in place of histone H3 in noncen-
tromeric regions of the genome (Choi et al. 2012). More-
over, some subunits of the Mediator complex are required
for CENP-A®"! localization, and the reduced levels of
CENP-A"P! in Mediator mutants can be suppressed by
RNA Pol [T inhibitors (Carlsten et al. 2012). This finding sug-
gests that proper levels of centromeric transcription are criti-
cal to ensure inheritance of the functional centromere state.

Thus, initial establishment of CENP-A“"P! chromatin
in S. pombe requires flanking heterochromatin. The subse-
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quent maintenance of CENP-A chromatin is independent
of heterochromatin, but depends on several loading factors
and chaperones to facilitate G, stage—specific assembly of
CENP-A chromatin. The chromatin-remodeling factor
Hrpl and appropriate levels of noncoding transcription
help to maintain high CENP-A“"" levels at centromeres.

5.3 Additional Chromatin Modifications Required
for Mediating Sister-Centromere Cohesion,
Condensation, and Normal Chromosome
Segregation

How do outer repeat heterochromatin and CENP-A"P!
kinetochore chromatin affect the overall function of chro-
mosome segregation? Experiments with naked plasmid
DNA constructs have shown that outer repeats contribute
to the assembly of functional centromeres (through un-
known mechanisms), which allow these plasmids to segre-
gate on mitotic and meiotic spindles. However, as already
mentioned, neither the outer repeats nor the central domain
alone are sufficient to assemble a functional centromere
(Clarke and Baum 1990; Takahashi et al. 1992; Baum et al.
1994; Ngan and Clarke 1997; Pidoux and Allshire 2004).

Mutants that cause loss of silencing at the outer repeats
(i.e., those defective in Clr4, RNAi components, or Swi6)
have elevated rates of mitotic chromosome loss and a high
incidence of lagging chromosomes on late anaphase spin-
dles (Fig. 8A) (Allshire et al. 1995; Ekwall et al. 1996; Ber-
nard et al. 2001; Nonaka et al. 2002; Hall et al. 2003; Volpe
et al. 2003). Additionally, cells lacking Swi6 are defective in
cohesion at centromeres, but retain cohesion along the
chromosome arms (Bernard et al. 2001; Nonaka et al.
2002). One function of Swi6 is to recruit cohesin to outer
repeat chromatin to mediate tight physical cohesion be-
tween sister centromeres. This ensures that sister kineto-
chores are tightly held together during the formation of a
properly bioriented spindle in which sister kinetochores
attach to microtubule fibers emanating from opposite spin-
dle poles (Fig. 8B). Thus, one function of heterochromatin
at centromeres is to mediate cohesion.

Cohesin is also strongly associated with telomeres and
the mat2-mat3 region (Bernard et al. 2001; Nonaka et al.
2002) and it is involved in the formation of subtelomeric
heterochromatin (Dheuretal. 2011). In addition, cohesin is
recruited to silent chromatin formed on a ura4™ gene in
response to an adjacent ectopic centromere repeat, under-
scoring the link between heterochromatin and cohesion
(Partridge et al. 2002). Thus, the recruitment of cohesin
seems to be a general property of Swi6-associated silent
chromatin. How Swi6 chromatin brings about cohesin re-
cruitment is not known, but Swi6é does interact with the
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Figure 8. Defective heterochromatin leads to abnormal centromere structures. (A) Cells lacking RNAi or hetero-
chromatin components display elevated rates of chromosome loss and lagging chromosomes (indicated by yellow
arrows) on late anaphase spindles. Chromosomal DNA is stained by DAPI (blue) and mitotic spindle microtubules
are labeled for immunofluorescence (IF) (red). (B) A schematic three-dimensional figure of a normal centromere
illustrates the outer heterochromatin regions (green circles) decorated with Swi6 (black circles), which recruits
cohesin to ensure sister-chromatid cohesion. The central domain consists of CENP-A-containing chromatin (red
circles), associated with opposing kinetochores on each sister chromatid. Lagging chromosomes in cells with
defective heterochromatin may be the result of disorganized kinetochores such that one centromere may attach
to microtubules from opposite poles. Such merotelic orientation could persist into anaphase, in which the breakage
of attachment with one pole or the other would lead to random segregation and result in chromosome loss/

gain events.

cohesin subunit Psc3 (Nonaka et al. 2002). In addition,
Dfp1, the regulatory subunit of the conserved kinase Hsk1
(Cdc7), interacts with Swi6 and is required to recruit cohe-
sin to centromeres (Bailis et al. 2003). Cohesion at verte-
brate centromeres from prophase to anaphase onset also
depends on a protein known as Shugoshin. In S. pombe,
Shugoshin associates with the centromere on phosphoryla-
tion of histone H2A at S121 by Bubl1 to ensure proper chro-
mosome segregation in mitosis and meiosis (Kawashima
et al. 2010). Thus, cohesin and associated factors are not
only required at centromeres,