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ABSTRACT

Centromeres of most eukaryotes consist of two
distinct chromatin domains: a kinetochore domain,
identified by the histone H3 variant, CENP-A, and
a heterochromatic domain. How these two domains
are separated is unclear. Here, we show that, in
Schizosaccharomyces pombe, mutation of the chro-
matin remodeler RSC induced CENP-ACnp1 misload-
ing at pericentromeric heterochromatin, resulting in
the mis-assembly of kinetochore proteins and a de-
fect in chromosome segregation. We find that RSC
functions at the kinetochore boundary to prevent
CENP-ACnp1 from spreading into neighbouring het-
erochromatin, where deacetylated histones provide
an ideal environment for the spread of CENP-ACnp1.
In addition, we show that RSC decompacts the chro-
matin structure at this boundary, and propose that
this RSC-directed chromatin decompaction prevents
mis-propagation of CENP-ACnp1 into pericentromeric
heterochromatin. Our study provides an insight into
how the distribution of distinct chromatin domains is
established and maintained.

GRAPHICAL ABSTRACT

INTRODUCTION

Centromeres have a distinctive chromatin structure and a
unique function in the genome; it marks the region of the
chromosome upon which the kinetochore forms, a process
that is crucial for faithful chromosome segregation. Nu-
cleosomes at the centromere contain a centromere-specific
variant of histone H3, CENP-A (1) and these CENP-A–
containing nucleosomes provide a platform for kinetochore
assembly (2). Domains containing these CENP-A nucle-
osomes usually associate with heterochromatin, which is
defined by the presence of histone H3 methylated at Lys9
(H3K9me) and its associated binding protein, heterochro-
matin protein 1 (HP1). Heterochromatin associated with
centromeres is thought to contain an inner kinetochore
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structure important for centromeric sister chromatid cohe-
sion (3). In most eukaryotes, each chromosome has a sin-
gle centromere, the position and size of which is epigenet-
ically controlled (1). Mis-control of centromere position-
ing or size leads to chromosome instability. Accordingly,
maintenance of faithful CENP-A deposition at centromeric
regions is critically important for genome integrity. While
previous studies have described a model for CENP-A de-
position (4), the regulatory mechanisms required for re-
gional propagation of the CENP-A chromatin domain re-
main poorly understood.

One key chromatin regulatory mechanism is the alter-
ation of nucleosome positioning by chromatin remodel-
ers. Multiple chromatin remodelers, including SWI/SNF,
INO80 and SWR, are conserved from yeast to humans.
While each remodeler plays a distinct role in nuclear events,
the function of these complexes often overlap (5). In bud-
ding yeast, an abundant and essential chromatin remod-
eling complex RSC, a member of the SWI/SNF com-
plex, plays important biological roles, such as transcrip-
tional control, kinetochore function, sister chromatid co-
hesion, and DNA repair (6–9), which appear to be con-
served in fission yeast (10–12). In addition, yeast RSC
generates nucleosome-depleted regions (NDR), especially
around transcription start sites, which is implicated in tran-
scriptional regulation (13–17). Budding yeast RSC is shown
to have nucleosome sliding and eviction activity in vitro
(18,19), but how these biochemical activities contribute to
the functions of RSC is unclear.

In most eukaryote, some chromatin remodelers are re-
sponsible for a faithful CENP-A deposition in centromere,
whereas others are involved in the prevention of inap-
propriate propagation of CENP-A. The ATP-dependent
SWI/SNF chromatin remodeling complex, for example,
plays a role in maintaining CENP-ACse4 distribution at bud-
ding yeast centromeres, which are small and contain no cen-
tromeric heterochromatin (20). The SWI/SNF complex is
implicated in the maintenance of CENP-ACse4 in the cen-
tromeric region: loss of SWI/SNF broadens the distribu-
tion of CENP-ACse4 and decreases the nuclease sensitivity
of hypersensitive sites flanking the centromeres, suggesting
that the formation of hypersensitive sites is involved in the
accurate distribution of CENP-ACse4. In Drosophila, a mu-
tation of CHRAC14, a subunit of the chromatin accessi-
bility complex (CHRAC) containing ISWI chromatin re-
modeler, causes a deficiency of DNA damage repair and
ectopic CENP-ACID deposition to the damaged sites, re-
sulting in the formation of ectopic kinetochore, which sug-
gests that CHRAC14 is involved in prevention of ectopic
CENP-ACID assembly (21). FACT and a subunit of the 19S
proteasome prevent the ectopic localization of fission yeast
CENP-ACnp1 by a poorly understood mechanism (22,23).
Interestingly, RSC was identified as a binding partner of
Swi6, a fission yeast homologue of HP1 (heterochromatin
protein 1), by mass spectrometry (24,25), and RSC local-
izes at the pericentromeric region (12). However, the role of
RSC at pericentromeric heterochromatin is still unknown.

In this study, functional analysis of a mutant of a core
RSC subunit in fission yeast, sfh1, reveals that Sfh1/RSC
facilitates chromatin decompaction at the boundaries be-
tween CENP-ACnp1 chromatin and heterochromatin, which

may prevent ectopic CENP-ACnp1 propagation into peri-
centromeric heterochromatin. Consistent with these find-
ings, the insertion of a transcriptionally active gene that
induces chromatin decompaction into the boundary can
prevent the ectopic CENP-ACnp1 mis-propagation over the
boundary in the absence of Sfh1/RSC. We show that
Sfh1/RSC is required to create a barrier capable of prevent-
ing CENP-ACnp1 chromatin propagation into surrounding
heterochromatic domains.

MATERIALS AND METHODS

Strains, media, and genetic procedures

All strains used in this study are listed in Supplementary Ta-
ble S1. The media and genetic procedures used in this study
were described previously (26). Most experiments were con-
ducted in yeast extract with supplements (YES) media or
Edinburgh minimal medium with supplements (EMMS) at
30◦C. Temperatures were shifted to 36◦C for 8 h to inacti-
vate temperature-sensitive Sfh1, Snf21 and Sfc3. Deletion
and tagging of target genes were performed as previously
described (27).

Antibodies

Rabbit polyclonal antibodies against Cnp1 (28) and hi-
stone H3 (ab1791) were obtained from Abcam. Mouse
monoclonal antibodies against H3K9me (29), H3K14ac
(7G8) and Pol2 CTD (4H8) were obtained from Milli-
pore. Mouse monoclonal antibodies against epitope tags,
Myc (4A6/Millipore) and FLAG (M2/Sigma) were used
for ChIP assays and immunoblotting.

Microscopy

Fluorescent images were taken with ZEISS Axio Imager
M1 (CARL ZEISS). Measurements of GFP-Cnp1 and
Sad1-DsRed foci size were performed using ImageJ soft-
ware. Indirect immunofluorescence analysis was performed
essentially as previously described (30,31), except that cells
were incubated with primary antibodies at room tempera-
ture for 3 h each. Anti-TAT1 was used as primary antibody,
and a rabbit IgG antibody conjugated to Alexa Fluor 488
(Invitrogen) was used as the secondary antibody.

Micrococcal nuclease analysis of chromatin structure

Micrococcal nuclease (MNase) digestion of genomic DNA
was performed as previously described (32), with some
modifications. The cell walls of growing cells fixed with
1% formaldehyde were digested with 0.5 mg/ml Zymolyase
20T in sorbitol/Tris buffer. Spheroplasts were treated for
20 min at 37◦C with 10 U/ml MNase (Takara Bio) in
NP buffer containing 1 mM 2-mercaptoethanol and 0.5
mM spermidine. After treatment with RNase A and pro-
teinase K, residual DNA in the supernatant was purified
by phenol/chloroform extraction. Mononucleosomal DNA
was separated by 2% agarose gel electrophoresis, purified,
and subjected to quantitative PCR (qPCR). MNase protec-
tion was normalized to the TTS of act1, which is a region
of constitutive-NDR (33).
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ChIP analysis

2 × 108 cells growing exponentially in YES were fixed with
1% formaldehyde (Nacalai Tesque) for 20 min at 30◦C.
After fixation was quenched with 150 mM glycine, cells
were harvested and washed twice with Lysis Buffer (50 mM
HEPES [pH 7.5], 1 mM EDTA, 1% Triton X-100, and
0.1% Na-deoxycholate). The cell pellet was re-suspended
in lysis buffer containing 1 mM PMSF and a protease in-
hibitor cocktail, and homogenized with a bead shocker (Ya-
sui Kikai) 30 times for 60 s each at 4◦C. Lysis buffer con-
taining 1 mM PMSF, and a protease inhibitor cocktail was
added to the resulting cell extracts to 2 ml. Cell extracts were
sonicated for 240 sec using a New Bioruptor (CosmoBio)
set at level ‘H’, centrifuged at 15 000 rpm for 15 min at 4◦C,
and the resultant supernatant was used as the input frac-
tion.

The input fraction was subject to immunoprecipitation
with secondary antibody-conjugated magnetic beads (Invit-
rogen) preincubated with antibody against the target pro-
tein or epitope. Beads were washed with Lysis Buffer and
incubated for 2 h with cell extract at 4◦C. After immuno-
precipitation, the beads were washed twice each with lysis
buffer; lysis/500 mM NaCl buffer containing 1 mM PMSF
and protease inhibitor cocktail; wash/LiCl buffer (10 mM
Tris [pH 8.0], 250 mM LiCl, 0.5% NP-40 and 0.5% Na-
deoxycholate), containing 1 mM PMSF and protease in-
hibitor cocktail; and TE buffer (10 mM Tris [pH 8.0], 1
mM EDTA). The beads were then suspended in TE buffer
containing RNase A and incubated for 1 h at 37◦C. Pro-
teinase K (0.5 mg/ml) was added, and the mixture was in-
cubated for an additional 1 h at 45◦C. After reversal of
crosslinks by incubation at 65◦C, DNA was purified by
phenol/chloroform extraction, and qPCR was performed.

Quantitative PCR

qPCR was performed in PCR reactions containing SYBR
Dye on a Thermal Cycler Dice Real Time System (Takara
Bio). Primers used are listed in Supplementary Table S2.
In each graph showing qPCR results, error bars represent
the standard error of the mean of biologically independent
experiments (n = 3). All ChIP-qPCR enrichments except
those for Snf21-myc and FLAG-Sfh1 were calculated as %
DNA immunoprecipitated at the locus of interest relative
to the corresponding input samples, and normalized to %
DNA immunoprecipitated at the act1+ locus, which is in-
dicated as ‘Fold enrichment over act1’ in each plots. As for
Snf21-myc and FLAG-Sfh1 (Figures 3F and 5E), we cannot
use act1+ locus as a reference because sfh1-13 affect the lo-
calization of Sfh1 at this locus. Therefore, the calculated %
DNA immunoprecipitated were normalized to that of no-
tag control.

ChIP-sequencing (ChIP-seq) and next-generation sequencing
(NGS)

Cells were cultured in 500 ml YES to a density of 1 × 107

cells/ml, and processed as described above for ChIP anal-
ysis. ChIP-seq samples for the Illumina platform were pre-
pared according to the manufacturer’s instructions. The li-
braries were sequenced on the Illumina HiSeq 2000 sys-

tem (single-end, 36 bp). The sequenced reads were mapped
onto the S. pombe reference genome (strain 972) using BWA
(34), and then processed using SAMtools (35). For reads
with multiple aligned location, we randomly assigned sin-
gle locations. In the R-statistical environment (http://www.
R-project.org), we calculated the IP/WCE ratio using wig-
gle format pileup files (step size: 10 bp) generated by MACS
(36). The generated wig files was visualized by the Integra-
tive Genomics Viewer (37). The experiments were not re-
peated.

RNA extraction and RT-PCR

Strains were cultured in 10 ml YES media to a density of
1 × 107 cells/ml, harvested by centrifugation, and washed
with 10 ml PBS. The cell pellet was suspended in buffer con-
taining 1% sodium dodecyl sulfate (SDS) and acid phenol.
Total RNA was extracted using a freeze–thaw treatment:
rapid freezing in liquid N2 followed by 1 h incubation in a
water bath at 65◦C. RT-PCR was performed using Prime
Script (Takara Bio).

RESULTS

The sfh1-13 mutant is sensitive to CENP-ACnp1 overexpres-
sion

RSC localizes at both the kinetochore domain and pericen-
tromeric heterochromatin. Temperature-sensitive mutants
of sfh1 or snf21, core subunits of RSC, are sensitive to the
microtubule-destabilizing drug thiabendazole (TBZ) and
exhibit an elevated rate of minichromosome loss (11,12).
Mutants that disrupt chromosome segregation are often
hypersensitive to TBZ (38). In addition, a low concentra-
tion of TBZ enhanced the chromosome segregation de-
fects of the temperature-sensitive sfh1-13 mutant (Supple-
mentary Figure S1A). These results suggest a role for RSC
in accurate chromosome segregation, although the level of
CENP-ACnp1 at the central domain, and the amount of
H3K9me at the pericentromeric domain, do not change in
sfh1-13 cells (12). Previous work has shown that mutations
of the histone chaperon FACT and the 19S proteasome
can cause inappropriate deposition of CENP-ACnp1 at non-
centromeric regions when CENP-ACnp1 is overexpressed,
leading to slow growth (22,23). We hypothesized that the
sfh1-13 mutation might also affect the dynamic properties
of CENP-ACnp1, causing inappropriate deposition. There-
fore, we used cells over-expressing CENP-ACnp1 under the
control of the thiamine-repressible nmt3 and nmt41 promot-
ers, which express target genes at high and medium strength,
respectively (39,40), to examine the effects of CENP-ACnp1

overexpression on cell growth in wild-type and sfh1-13 cells
(Supplementary Figure S1B). The growth of the wild-type
strain was not affected by CENP-ACnp1 overexpressed from
nmt41 (nmt41-cnp1) at any temperature examined; how-
ever, the sfh1-13 mutant strain exhibited a slow growth
phenotype at 32◦C upon nmt41-cnp1 expression (sfh1-13
at 32◦C in the lower panel of Supplementary Figure S1B).
CENP-ACnp1 expression from the nmt3 promoter (nmt3-
cnp1), which induces a greater level of expression than
nmt41-cnp1, led to growth defects in the wild-type strain
at all temperatures examined, with increased sensitivity at

http://www.R-project.org
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32◦C and 36◦C (upper panel, Supplementary Figure S1B).
The sfh1-13 mutation was synthetic lethal with nmt3-cnp1 at
32◦C (upper panel; Figure 1A), suggesting that Sfh1/RSC
is involved with CENP-ACnp1 dynamics. A previous study
identified the mutations of SWI/SNF chromatin remod-
eling complex as the suppressor mutants for temperature-
sensitive mis18 and mis19 mutants, which encode subunits
of CENP-ACnp1 recruiting complex, suggesting that this re-
modeler could counteracts the CENP-ACnp1 recruiting ma-
chinery (41). However, deletion strains of two genes encod-
ing SWI/SNF core components, snf5 and snf22, did not
exhibit sensitivity to CENP-ACnp1 overexpression (Supple-
mentary Figure S2A). Moreover, depletion of SWI/SNF-
specific components does not increase TBZ sensitivity (10).
These data suggest that RSC, but not SWI/SNF, plays a
role in stabilizing CENP-ACnp1.

Sfh1/RSC prevents the spread of CENP-ACnp1 into the peri-
centromeric heterochromatin domain

Since the sensitivity of FACT mutants to CENP-ACnp1

overexpression is linked to the accumulation of CENP-
ACnp1 at non-centromeric locations (22), we speculated that
loss of Sfh1 function may also allow the incorporation
of CENP-ACnp1 at non-centromeric locations. We there-
fore performed chromatin immunoprecipitation and high-
throughput sequencing (ChIP-seq) with anti-CENP-ACnp1

in wild-type and sfh1-13 mutant cells to examine CENP-
ACnp1 loading. When CENP-ACnp1 was expressed at wild-
type levels, specific accumulation at pericentromeric hete-
rochromatin domains of all centromeres (Figure 1A), but
not at non-centromeric locations (Supplementary Figure
S3), was observed in sfh1-13 mutant cells, as verified by
ChIP-quantitative PCR (ChIP-qPCR; Figure 1B). How-
ever, a mild effect on the localization of CENP-ACnp1 at the
central core region (cnt), compared with pericentromeric
(dg and dh) regions, was detected (Figure 1A and B). Note
that, in permissive temperature, the perturbation of CENP-
ACnp1 level at dg/dh region did not occur in sfh1-13 cells
(Supplementary Figure S4). Importantly, no significant dif-
ference in the level of Cnp1 protein or mRNA was seen
in sfh1-13 cells (Figure 1E). In addition, sfh1-13 muta-
tion does not affect the expression levels of CENP-ACnp1

chromatin-related genes (Supplementary Figure S5). Fur-
thermore, we observed ectopic CENP-ACnp1 deposition at
pericentromeric heterochromatin domains in snf21-36 but
not in rsc1 and rsc4 deletion mutants (Figure 1F). Snf21 is
an ATPase containing a core subunit of RSC, while Rsc1
and Rsc4 are non-essential subunits of the same complex,
and these results suggest that RSC remodeling activity is re-
sponsible for the preventing CENP-ACnp1 loading at peri-
centromere. By contrast, deletion mutants of SWI/SNF
components, snf5Δ and snf22Δ, did not exhibit an increase
in the abundance of CENP-ACnp1 at pericentromeric re-
peats (Supplementary Figure S2B).

It is possible that heterochromatin prevent CENP-ACnp1

misloading and that the sfh1-13 mutation alters the het-
erochromatin structure so that it fails to prevent CENP-
ACnp1 misloading. However, the sfh1-13 mutation had only
a mild influence on H3K9me levels (Figure 1C), as we re-
ported previously (12). In addition, CENP-ACnp1 did not

accumulate at pericentromeric domains in clr4Δ cells, which
completely lose their heterochromatin structure (Figure 1B
and C), indicating that heterochromatin structure does not
contribute to prevention of CENP-ACnp1 misloading. The
levels of histone H3 and H3K9me were slightly reduced
at centromere in sfh1-13 cells (Figure 1C and D), possi-
bly indicating the replacement of histone H3 with CENP-
ACnp1 at these repeats in sfh1-13 mutant cells. In contrast
to pericentromeric heterochromatin, the incorporation of
CENP-ACnp1 at the mating locus and subtelomeric hete-
rochromatin was not detected (Figure 1G), suggesting that
CENP-ACnp1 had spread from the central region into the
neighbouring pericentromeric region but not the others of
heterochromatic region in these cells.

CENP-ACnp1 mis-propagation into the pericentromeric do-
main results in the expansion of the kinetochore domain

Centromeres associated with the spindle pole body and
CENP-ACnp1 form a single focus in the nucleus. Ectopic
CENP-ACnp1 propagation into the pericentromeric do-
main, however, leads to the expansion of nuclear CENP-
ACnp1 foci (42). To investigate whether these CENP-ACnp1

foci similarly expand in sfh1-13 mutant cells, we con-
structed strains expressing GFP-CENP-ACnp1 and Sad1-
DsRed from their native promoters and examined their size
(Figure 2A). 20% of sfh1-13 cells had a CENP-ACnp1 foci
that were 1.5-times larger than the average size of foci found
in wild-type cells, consistent with the observed expansion
of CENP-ACnp1 at the pericentromeric region (Figure 1A
and B). The spindle pole body-associated protein Sad1 sim-
ilarly formed foci of a larger size in sfh1-13 compared with
wild-type cells (32% of cells; Figure 2A). Importantly, the
majority of cells with enlarged GFP-CENP-ACnp1 foci also
exhibited enlarged Sad1-DsRed foci (64%). These data sug-
gest that abnormal CENP-ACnp1 spreading causes an ex-
pansion of the kinetochore domain. Since CENP-A chro-
matin provides a platform for the recruitment of kineto-
chore proteins to the centromere (2), we speculated that ec-
topic CENP-ACnp1 chromatin on the pericentromere might
recruit kinetochore proteins. To examine this hypothesis,
we constructed strains expressing myc- or FLAG-tagged
CENP-CCnp3, CENP-IMis6, Mis16 and HJURPScm3, and
performed ChIP analysis in wild-type and sfh1-13 mutant
backgrounds. In sfh1-13 mutant cells, a small but signifi-
cant increase in the localization of CENP-CCnp3 and CENP-
IMis6 was observed at surrounding pericentromeric repeats
(Figure 2B and C); however, this was not the case for Mis16
or HJURPScm3 (Figure 2D and E), indicating that ectopic
CENP-ACnp1 chromatin recruits CENP-CCnp3 and CENP-
IMis6 to pericentromeric regions. Taken together, these find-
ings suggest that Sfh1/RSC prevents the propagation of in-
appropriate kinetochore domains, containing CENP-ACnp1

and associated kinetochore proteins, at the pericentromeric
heterochromatin domain.

Clr3/SHREC is required for ectopic deposition of CENP-
ACnp1 at the pericentromere

Misloading of CENP-ACnp1 was restricted to pericen-
tromeric heterochromatin, and CENP-ACnp1 did not prop-
agate into neighbouring euchromatic regions (Figure 1A),
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Figure 1. Ectopic CENP-ACnp1 specifically deposits at pericentromeric heterochromatin in RSC-deficient cells. (A) ChIP-seq analyses of CENP-ACnp1

around centromere 1, 2 and 3. IP/WCE indicates the tag counts of the immunoprecipitated signal divided by those of whole cell extract. A schematic of the
chromatin structure of centromeres is provided at the bottom. Top panels show the distributions of CENP-ACnp1 in wt and sfh1-13 strains. Middle panels
are five times magnified version of the top panel. Bottom panels show the sfh1-13/wt ratio. (B–D) ChIP-qPCR analyses of CENP-ACnp1 (B), H3K9me2 (C)
and H3 (D) at cnt, dg and dh in the indicated strains. Primer positions are shown in Supplementary Figure S2B. Error bars represent the SD of biologically
independent experiments (n = 3). (E) Levels of CENP-ACnp1 in the indicated strains, as determined by immunoblotting (left) and RT-qPCR (right).
Error bars represent SD resulting from biological triplicates. (F) ChIP-qPCR analysis of CENP-ACnp1 at cnt, dg and dh was performed in the indicated
strains. Error bars represent the SD of biologically independent experiments (n = 3). (G) ChIP-seq analyses of CENP-ACnp1 on heterochromatic domains;
pericentromere 1L, the mating-type region and the subtelomere region (left). ChIP-qPCR analysis of CENP-ACnp1 at the mating-type and subtelomere
regions was performed in the indicated strains. Error bars represent the SD of biologically independent experiments (n = 3) (right).
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Figure 2. sfh1-13 mutation induces the abnormal distribution of kinetochore proteins at pericentromere. (A) Visualization of CENP-ACnp1 and Sad1 in
the nucleus. Wild-type and sfh1-13 cells expressing GFP-CENP-ACnp1 and Sad1-DsRed were cultured for 6 h at 36◦C. Values at the bottom indicate the
proportion of cells with CENP-ACnp1 or Sad1 foci �50% larger than wild type. Scale bar, 2 �m (left). Boxplot shows the size of CENP-ACnp1 and Sad1 foci
in wild-type and sfh1-13 mutant cells containing a single GFP or DsRed spot (right). (B–E) ChIP-qPCR analysis of CENP-CCnp3, Mis6, Mis16, and Scm3
at cnt, dg and dh in the indicated strains. Enrichment relative to the control act1 locus is shown on the Y-axis. Error bars represent the SD of biologically
independent experiments (n = 3). P-value was calculated by two-sided Student’s t-test. N.S., not significant (P-value > 0.05).
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Figure 3. Histone acetylation improves centromeric function and eliminates misloaded CENP-ACnp1 at pericentromere in sfh1-13 mutant cells. (A) TBZ
sensitivity of the indicated strains. Each strain was spotted onto the indicated plates and incubated at 30◦C for 5 days. (B) Minichromosome loss assay
monitoring the rate of loss of an artificial chromosome during cell division. Each strain was cultured at the non-permissive temperature for 8 h, and the
rate of loss was measured. (C) Sensitivity to CENP-ACnp1-overexpression from the nmt41 promoter. Cells were grown for 3 days at 30◦C. (D) ChIP-qPCR
analyses of CENP-ACnp1 at cnt, dg and dh in the indicated strains, respectively. Error bars represent the SD of biologically independent experiments
(n = 3). (E) ChIP-qPCR analysis of Snf21-13myc at dg and dh in the indicated strains. Enrichment relative to an untagged control is shown on the Y-axis.
Error bars represent the SD of biologically independent experiments (n = 3). (F) ChIP-qPCR analyses of H3K14ac at cnt, dg and dh in the indicated
strains, respectively. Error bars represent the SD of biologically independent experiments (n = 3). (G and H) ChIP-qPCR analyses of CENP-ACnp1 (G)
and H3K14ac (H) at cnt, dg and dh was performed in the indicated strains. These strains were preincubated for 8 h with or without TSA (5 �g/ml). Error
bars represent the SD of biologically independent experiments (n = 3). The values of WT and sfh1-13 without TSA are the same as those used in (D and
F). (I) TBZ sensitivity of the indicated strains with or without TSA (10 �g/ml). Each strain was spotted onto the indicated plates and incubated at 30◦C
for 3 days.

suggesting that some characteristic of heterochromatin is
required for misloading. Heterochromatin contains hy-
poacetylated histones, which strongly correlate with tran-
scriptional silencing. Histone acetylation levels are associ-
ated with CENP-ACnp1 assembly at the central region, and
hypoacetylated central chromatin is essential for CENP-
ACnp1 loading (43). Hence, we next analyzed the relation-
ship between acetylation of pericentromeric heterochro-

matin and misloading of CENP-ACnp1. The fission yeast
silencing complex SHREC, which contains the histone
deacetylase (HDAC) Clr3, maintains the low levels of hi-
stone acetylation at heterochromatin (44). Accordingly, we
generated clr3Δ single and sfh1-13 clr3Δ double mutants,
and examined their TBZ sensitivity (Figure 3A). sfh1-13
clr3Δ cells were faster growing on TBZ-containing plates
than sfh1-13 cells, indicating that deletion of clr3 partially
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rescues the TBZ sensitivity of sfh1-13. To confirm whether
this phenotype is associated with centromeric function, we
next measured the rate of minichromosome loss at the non-
permissive temperature. As observed previously, sfh1-13 ex-
hibited an elevated rate of minichromosome loss, while both
clr3Δ and sfh1-13 clr3Δ cells maintained minichromosomes
(Figure 3B). These results indicate that loss of Clr3 rescues
the chromosome segregation defect of sfh1-13. Consistently,
sfh1-13 clr3Δ cells were able to tolerate CENP-ACnp1 over-
expression, to a greater extent than sfh1-13 cells (Figure
3C).

Next, we examined CENP-ACnp1 loading by ChIP anal-
ysis in sfh1-13 clr3Δ double mutant cells. clr3Δ cells did
not exhibit ectopic accumulation of CENP-ACnp1 at peri-
centromeric heterochromatin, while loss of Clr3 eliminated
CENP-ACnp1 accumulation at the pericentromere in a sfh1-
13 mutant background, indicating that Clr3 is required for
ectopic deposition of CENP-ACnp1 (Figure 3D).

Previously, it was shown that mutation of clr3 increases
centromeric occupancy of Snf21, a catalytic subunit of
RSC, suggesting that HDAC activity restricts RSC recruit-
ment to centromeres (45). This effect is due to the bind-
ing of RSC to acetylated H3K14 (H3K14ac) (46,47), the
level of which is increased in clr3 mutant cells. Therefore,
we hypothesized that the increase in Snf21, induced by loss
of Clr3, could eliminate ectopic CENP-ACnp1 at pericen-
tromeres in sfh1-13Δ clr3Δ cells. To test this possibility, we
analyzed centromeric localization of Snf21-13myc by ChIP
analysis (Figure 3E). As reported previously, deletion of clr3
increased the loading of Snf21 at pericentromeric repeats;
however, we did not observe greater Snf21 occupancy in
our sfh1-13 clr3Δ double mutant relative to a sfh1-13 sin-
gle mutant, suggesting that sfh1-13 prevents the acetylation-
dependent recruitment of Snf21 at pericentromeres, and
that the elimination of misloaded CENP-ACnp1 in sfh1-13Δ
clr3Δ cells is not due to the increase in Snf21 level.

Because the deletion of clr3 increased the acetylation of
histones H3 and H4 at the pericentromeric repeats (33,44),
we speculated that histone acetylation inhibits ectopic de-
position of CENP-ACnp1 at pericentromeres. Analysis of
H3K14ac, a target for Clr3/SHREC, revealed that sfh1-13
cells maintain low levels of H3K14ac at pericentromeric re-
peats (Figure 3F), indicating that a change in H3K14ac level
is not responsible for the misloading of CENP-ACnp1 in the
absence of Sfh1/RSC. sfh1-13 clr3Δ cells exhibited an in-
crease in H3K14ac similar to that observed in clr3Δ cells
(Figure 3F), supporting our hypothesis. To further confirm
our hypothesis, we examined, by ChIP analysis, the load-
ing of CENP-ACnp1 in sfh1-13 cells in the presence of the
HDAC inhibitor TSA (Figure 3G and H). TSA treatment
did not affect the level of CENP-ACnp1 at pericentromeric
heterochromatin in wild-type cells, but it did decrease the
accumulation of CENP-ACnp1 at pericentromere in sfh1-13
cells. Consistent with these results, the addition of TSA par-
tially rescues the TBZ sensitivity of sfh1-13 cells (Figure 3I).
Together, these results suggest that histone deacetylation is
a prerequisite for the ectopic deposition of CENP-ACnp1 at
pericentromeres, which is suppressed by Sfh1/RSC. Note
that at the central domain, deletion of clr3 or TSA treat-
ment did not affect the CENP-ACnp1 level, though only TSA

treatment caused the elevation of acetylation level. We as-
sume that there is a system that maintains CENP-ACnp1 lev-
els independently on histone acetylation at this region.

Pericentromeric transcription and ectopic deposition of
CENP-ACnp1

Previous studies have revealed that centromeric transcrip-
tion is vital for CENP-A chromatin assembly. Ino80 and
Hrp1, chromatin remodelers with helicase/ATPase activity,
are required for regulation of transcription and incorpora-
tion of CENP-ACnp1 at the central core region (22,48,49).
Transcription at the central region, facilitated by these re-
modelers, removes histone H3 and, consequently, promotes
CENP-ACnp1 deposition. Furthermore, it has been sug-
gested that RNAPII stalling is required for CENP-ACnp1

deposition (50). Taken together, these findings imply that
the unique transcriptional environment at the central core
domain provides optimal conditions for CENP-A depo-
sition. We next investigated whether Sfh1/RSC regulates
transcription in pericentromeric heterochromatin to pre-
vent ectopic CENP-ACnp1 deposition, testing the effect
of the sfh1-13 mutation on centromeric transcription. We
found that in wild-type cells, pericentromeric transcripts
were undetectable due to transcriptional silencing mediated
by the repression of RNAPII recruitment (Supplementary
Figure S6A and B). The sfh1-13 mutation did not affect
transcription or RNAPII recruitment, confirming our pre-
vious observation that Sfh1/RSC is dispensable for silenc-
ing at heterochromatin (12) (Supplementary Figure S6A
and B). These data suggest that a simple increase or decrease
in RNAPII-dependent transcription does not induce the de-
position of CENP-ACnp1 in sfh1-13 cells. Deletion of clr3
caused an increase in pericentromeric transcription (Sup-
plementary Figure S6A and B), while pericentromeric tran-
scription and RNAPII recruitment were similarly increased
in sfh1-13 clr3Δ double mutant cells, though to a lesser ex-
tent (Supplementary Figure S6A and B). The reduction in
transcription in sfh1-13 clr3Δ cells suggests that Sfh1/RSC
contributes to the induction of transcription in the absence
of Clr3. Therefore, it is possible that an increase in tran-
scription due to loss of Clr3/SHREC causes the elimina-
tion of misloaded CENP-ACnp1 in sfh1-13 cells. However, it
is hard to determine which of these factors is primarily re-
sponsible for the elimination of CENP-ACnp1 upon loss of
Clr3/SHREC, as hyper-acetylation is tightly coupled with
active transcription.

Active transcriptional units substitute for Sfh1/RSC to pre-
vent mis-propagation of CENP-ACnp1 at the boundary

The absence of ectopic deposition of CENP-ACnp1 at the
mating-type and telomeric heterochromatin (Figure 1G)
suggested that CENP-ACnp1 chromatin spreads over the
boundaries into pericentromeric heterochromatin in the ab-
sence of Sfh1/RSC, and it is possible that Sfh1/RSC is re-
quired for the establishment of the boundaries between the
CENP-ACnp1 domain and heterochromatin. At centromere
1 (cen1), a 700 bp transition zone that includes two transfer
RNA (tRNA) genes is suggested to have sequence-specific
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Figure 4. Active transcription at the boundary between two centromeric domains prevents the propagation of ectopic CENP-ACnp1 in sfh1-13 mutant cells.
(A) Schematic of all chromosomes with an inset detailed view of cen1 showing the insertion sites of an ura4+ reporter. Pink and purple rectangles indicate
the CENP-ACnp1 and pericentromeric heterochromatin domain, respectively. Triangles indicate the insertion position of ura4+. Vertical black lines indicate
the positions of tRNA genes. Horizontal red lines indicate the dh1L (on Chr.I), fbp1 (on Chr.II) and imr3 (on Chr.III) site for ChIP-qPCR, respectively.
(B) ura4+ transcription analysed by RT-qPCR using RNA prepared from the indicated strains. Transcription of the ura4+ reporter gene in the indicated
strains compared with native ura4+ expression in the wild-type strain are shown on the Y-axis. (C) ChIP-qPCR analysis of CENP-ACnp1-5FLAG at dh1L
(left), imr3 (middle) and fbp1 (right) in the indicated strains. Error bars represent the SD of biologically independent experiments (n = 3). P-value was
calculated by two-sided Student’s t-test. N.S., not significant (P-value > 0.05). (D) TBZ sensitivity of the indicated strains. Each strain was spotted onto
the indicated plates and incubated at 30◦C for 3 days.
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Figure 5. Sfh1/RSC promotes the decompaction of chromatin at the centromeric boundary. (A) Schematic structure of centromere 1, with an inset detailed
view of the boundary region. Black bars indicate target sites of MNase and ChIP-qPCR. (B) MNase-qPCR analysis around the structural transition zone
of centromeric chromatin in centromere 1 in the indicated strains. (left) The ratio of MNase-treated and untreated DNA normalized against the act1
transcriptional termination site (TTS) to determine relative MNase protection. (right) MNase-qPCR analysis at tRNAGlu and tRNAAla in centromere
1 in the indicated strains. The values of (>110 bp) at tRNAGlu and tRNAAla are the same as those used in (left). (C) ChIP-qPCR analyses of CENP-
ACnp1-5FLAG (left) and H3 (right) in the indicated strains at five different sites in (sites 1 and 5) or close to (sites 2–4) the boundary is shown on the
Y-axis. (D) ChIP-qPCR analysis of CENP-ACnp1 at cnt, dg and dh was performed in the indicated strains. (E) ChIP-qPCR analyses of Snf21-13myc
(upper) and 3FLAG-Sfh1 (bottom) in the indicated strains at five different centromeric sites. Enrichment relative to an untagged control is shown on
the Y-axis. Error bars represent the SD of biologically independent experiments (n = 4). P-value was calculated by two-sided Student’s t-test. N.S., not
significant (P-value > 0.05). (F) A model of centromeric boundary. (Upper) WT cell: RSC promotes the NDR formation at boundary between CENP-
ACnp1 chromatin and pericentromeric heterochromatin domains. This NDR function preventing ectopic CENP-ACnp1 propagation into pericentromere.
Therefore, the inappropriate deposition of CENP-ACnp1 does not occur in pericentromere in WT cells. (Middle) RSC-deficient cell: RSC defect causes the
ectopic CENP-ACnp1 deposition/chromatin compaction at the boundary. The details of mechanism are unknown, however, this status attracts a inducing
of CNEP-ACnp1 propagation associated with some kinetochore proteins into pericentromere resulting that causes the disturbance of centromeric function.
(Bottom) RSC and HDAC-deficient cell: the lacking of HDAC or addition of TSA cause histone hyperacetylation in pericentromeric domains. Although
ectopic CENP-ACnp1 deposition does not eliminate at the boundary, eliminates in pericentromere by this hyperacetylation. Consequently, pericentromeric
integrity partially restore to the normal and partially supress the centromeric instability.
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chromatin boundary activity (51,52). Recent studies have
revealed that transcription plays a role in the formation
of chromosomal subdomain boundaries on a fine genome
scale (53). In particular, genes that are both long and ac-
tive are effective as boundary elements to physically sepa-
rate neighbouring chromosomal domains (54). We hypoth-
esized that if Sfh1/RSC functions at these boundaries, the
introduction of a transcription unit at the boundary would
reduce the amount of ectopic CENP-ACnp1 spreading in
sfh1-13 cells in cis. To examine this, we employed strains
that have a ura4+ reporter between tRNAGlu and tRNAAla

genes that locates at the left or right side of centromere
1 (tRNAcen1L/R::ura4+; Figure 4A). Reporter genes in-
serted at this position in wild-type cells are stably tran-
scribed and do not affect centromere integrity in trans (Sup-
plementary Figure S7) or chromosome segregation (55).
We confirmed that this reporter was actively transcribed in
both wild-type and sfh1-13 cells (Figure 4B), before exam-
ining whether the reporter could prevent ectopic CENP-
ACnp1 deposition. To examine the differential effects of the
inserted reporter gene on ectopic CENP-ACnp1 deposition
at the left-hand dh repeat of centromere 1, we designed
the specific primer set (dh1L; Figure 4A) that specifically
detects the left-hand dh1 repeat but no other dh repeats.
In wild-type cells, CENP-ACnp1 localization was unaffected
by a ura4+ reporter inserted either to the left or right of
the central domain (wt tRNAcen1L/R::ura4+; left panel of
Figure 4C). In sfh1-13 cells, CENP-ACnp1 at the left-hand
dh repeat was increased. Intriguingly, insertion of ura4+ to
the left of the central domain reduced the CENP-ACnp1 lo-
calization (sfh1-13 tRNAcen1L::ura4+; left panel of Fig-
ure 4C), while insertion at the right did not (sfh1-13 tR-
NAcen1R::ura4+; left panel of Figure 4C). In addition, in-
sertion of the ura4+ reporter in cen1 centromere had no
effect on CENP-ACnp1 at the pericentromere of cen3 and
the gene-body of fbp1 as a positive and negative control re-
gion, respectively in sfh1-13 cells (middle and right panel
of Figure 4C). We next examined the effect that insertion
of the reporter at the outside of the boundary had on
CENP-ACnp1 spreading. imr1L::ura4+ is in a heterochro-
matin region 415 bp away from tRNAcen1L::ura4 (Fig-
ure 4A). Transcription of the reporter at this heterochro-
matin locus was repressed (Figure 4B). In this strain, the
ectopic deposition of CENP-ACnp1 at left-side dh in cen1
was unaffected in sfh1-13 cells (left panel of Figure 4C),
showing that ura4+ insertions at this site did not prevent
mis-propagation of CENP-ACnp1 in these cells. Importantly,
consistent with these results, the ura4 insertion partially res-
cues the TBZ sensitivity of sfh1-13 mutant (Figure 4D). It
is surprising that tRNAcen1L::ura4+ rescued TBZ sensitiv-
ity even though it rescued the mis-propagation of CENP-
ACnp1 at only one of total six pericentromeric regions. Since
chromosome 1 is the largest chromosome but has the small-
est pericentromere among three chromosomes, we suspect
the defects of the pericentromere of chromosome 1 most
contributes to the TBZ sensitivity of the cells. These results
suggest that Sfh1/RSC functions at the boundaries to pre-
vent CENP-ACnp1 from spreading into neighbouring het-
erochromatin, and active transcription can substitute for
Sfh1/RSC-dependent boundary activity.

Sfh1/RSC induces a chromatin decompaction at the cen-
tromeric boundary

In heterochromatic gene silencing-defective mutants, NDR,
formed by RSC, appear at the boundary between the cen-
tral domain and heterochromatin (33,45). Furthermore,
active transcription generally reduces the compaction of
chromatin. Therefore, we hypothesized that Sfh1/RSC re-
duces chromatin compaction at the boundary to prevent im-
proper CENP-ACnp1 propagation into the pericentromeric
region. To examine this hypothesis, we performed MNase
treatment followed by qPCR (MNase-qPCR) to measure
the level of chromatin compaction (Supplementary Figure
S8A). To validate this method, we examined whether it was
able to detect the NDR known to reside at the transcrip-
tional termination site (TTS) of act1 (33). We observed a re-
duction in protection against MNase digestion at the TTS,
relative to the gene body, in both wild-type and sfh1-13 cells
(Supplementary Figure S8B), thus we used act1 TTS as an
internal control region. Next, we examined MNase sensitiv-
ity at the boundary between the central domain and hete-
rochromatin on chromosome 1 (sites i–v in Figure 5A). In
wild-type cells, at sites i and v, MNase protection was 7-
fold greater than at the act1 TTS (left panel of Figure 5B
and Supplementary Figure S8B), while sites iii, which cor-
respond to mid-zone of the boundary (Figure 5A), showed
a lower-level protection than sites i and v (left panel of Fig-
ure 5B). In addition, sites ii and iv, which correspond to
tRNA genes (Figure 5A), showed a similar level protec-
tion to act1 TTS (left panel of Figure 5B and Supplemen-
tary Figure S8B). These results indicate that the chromatin
structure is de-compacted at sites ii, iii and iv, as previ-
ously reported (33). Consistent with these results, the lev-
els of CENP-ACnp1 and H3 were relatively low at sites ii,
iii, and iv compared with the surrounding region (Figure
5C). Importantly, MNase protection at sites i, iii, and v,
which are located between CENP-ACnp1 and heterochro-
matin domains, was elevated in sfh1-13 cells (site i: 1.5-fold,
P-value = 0.027; site iii: 2.2-fold, P-value = 0.0001; site v:
1.2-fold, P-value = 0.02; left panel of Figure 5B), indicat-
ing that Sfh1/RSC contributes to chromatin decompaction
at the boundary. We further detected an increase in CENP-
ACnp1, but not in histone H3, present at the boundary re-
gion in sfh1-13 cells (Figure 5C), supporting the idea that
CENP-ACnp1 spreads over the boundary in the absence of
Sfh1/RSC. Interestingly, in sfh1-13 clr3Δ cells, the chro-
matin compaction in the boundary region observed in the
sfh1-13 cells was partly suppressed (site i, iii and v; left panel
of Figure 5B). Consistent with this, the level of CENP-
ACnp1 reduced in sfh1-13 clr3Δ cells compared with that
of sfh1-13 cells (Figure 5C). However, sfh1-13 clr3Δ cells
maintained higher levels of CENP-ACnp1 than clr3Δ cells
at the boundary (site ii: 5.8-fold, P-value = 0.004; site iii:
2.0-fold, P-value = 0.004; site iv: 5.2-fold, P-value = 0.012;
Figure 5C), indicating that the ectopic CENP-ACnp1 depo-
sition was not completely cancelled at this region in sfh1-13
clr3Δ cells. These results suggest that Sfh1/RSC creates the
centromeric boundary by forming NDR which is respon-
sible for the prevention of CENP-ACnp1 spread toward the
boundary, which is required for the ectopic CENP-ACnp1

deposition at this region even in the absence of Clr3.
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While we did not detect a change in MNase protec-
tion at tRNA genes in sfh1-13 cells, we did detect ectopic
CENP-ACnp1 deposition (left panel of Figure 5B and C,
sites ii and iv). It is possible that these sites are protected
from MNase by a non-canonical histone complex, such as
CENP-A hemisomes (56), remodeled nucleosomes (57), or
RNA Polymerase III (RNAP III) and its transcription fac-
tor (TFIIIC), resulting in the production of small DNA
fragments by MNase digestion, which was not amplified by
our primers (amplicon size: ∼130 bp). Indeed, MNase di-
gestion of the tRNA gene locus has been shown to produce
shorter DNA fragments than canonical mono-nucleosomal
DNA at fission yeast centromeres (<110 bp) (58). There-
fore, we re-examined the MNase digestion products with
primers that could detect shorter DNA templates (<110
bp), and observed that MNase protection at sites ii and iv
were elevated in sfh1-13 cells (right panel of Figure 5B),
suggesting that Sfh1/RSC defects induce the formation of
non-canonical histone complexes containing CENP-ACnp1

at tRNA gene loci.
Previous studies have shown that tRNA genes are located

at the transition zones in fission yeast centromeres (59,60),
and these loci play a role in chromatin boundary activity
(51,52). This raised the possibility that the RNAPIII com-
plex, and/or the transcription of tRNA genes by RNAPIII,
are involved in barring improper CENP-ACnp1 propaga-
tion. To examine this possibility, we analyzed the effect of
the temperature-sensitive sfc3-1 mutation on CENP-ACnp1

propagation. sfc3 encodes a subunit of TFIIIC complex that
binds to the B box of tRNA gene promoters, and is re-
quired for tRNA gene transcription (61). We did not detect
ectopic depositions of CENP-ACnp1 at dg and dh in sfc3-1
cells at semi-permissive temperatures (Figure 5D). There-
fore, we concluded that RNAPIII complex and its transcrip-
tion are not involved in the prevention of ectopic CENP-
ACnp1 propagation.

Finally, to examine whether RSC acts directly at bound-
aries, we performed ChIP analyses on wild-type and sfh1-
13 cells expressing tagged Snf21 and Sfh1. Previous ChIP-
sequencing results of Snf21 study showed that relatively
higher levels of Snf21 localized at the boundary between the
center region and heterochromatint (62). Consistent with
this, we found that Snf21 and Sfh1 were enriched across
the boundary of centromere 1 in wild-type cells (Figure
5E). These distributions phenocopy the distribution of RSC
around promoters, where RSC maintains NDR (63). Fur-
thermore, we observed a ∼50% reduction in Snf21 and Sfh1
in sfh1-13 cells compared with wild-type cells at all test sites.
These results suggest that RSC directly interferes with chro-
matin compaction at the boundary.

DISCUSSION

Our findings demonstrate that defects in RSC cause ec-
topic deposition of CENP-ACnp1 at pericentromeric but not
telomeric or mating-type locus heterochromatin. We also
observed some increase of CENP-ACnp1 at the central re-
gion in sfh1-13 cells, which may be the primary cause of the
expansion of CENP-ACnp1 to pericentromeric heterochro-
matin. However, we think it is unlikely by the following rea-

sons. We confirmed that the ectopic deposition occurs at
the out-most region of pericentromere (Figure 1A and 4C),
which may not be explained by the increase of CENP-ACnp1

at the central region. Furthermore, in the previous study,
the increase of CENP-ACnp1 at pericentromeric region was
marginal, even when the strong overexpression of CENP-
ACnp1 causes a large increase in CENP-ACnp1 in the central
region (23).

One possibility is that RSC evicts misloaded CENP-
ACnp1 from pericentromeric heterochromatin; however,
RSC localizes to CENP-ACnp1 chromatin but does not evict
CENP-ACnp1 nucleosome (12), and insertion of ura4+ at
one of the boundaries inhibited the ectopic accumulation of
CENP-ACnp1 in cis in RSC-deficient cells. Furthermore, we
have shown the ectopic CENP-ACnp1 accumulation at the
boundary even in sfh1-13 clr3Δ cells compared with clr3Δ
cells though CENP-ACnp1 level at the central region was not
changed in both cells (Figure 5C). This suggests that RSC
suppress CENP-ACnp1 expansion at the boundary indepen-
dently on Clr3 function or increase of CENP-ACnp1 at the
central region. Thus, we conclude that Sfh1/RSC prevents
the spread of CENP-ACnp1 chromatin from the central do-
main into the neighbouring pericentromeric domain at the
boundaries (Figure 5F).

Previous studies have reported that ectopic CENP-A de-
position often occurs at heterochromatin (22,23,42). In the
present study, we have shown that hypoacetylated histones
at heterochromatin are required for CENP-ACnp1 spread-
ing (Figure 3D and G). This is consistent with a previ-
ous report suggesting that Mis16- and Mis18-dependent
deacetylation of histones at the central domain is required
for CENP-ACnp1 assembly at this region (43). However, we
do not have a detailed mechanism for CENP-ACnp1 mis-
propagation. Mis16 and HJURPScm3, which are required
for loading of CENP-ACnp1 at the centromeric core region
(64), did not mis-propagate with CENP-ACnp1 in sfh1-13
cells (Figure 2D and E), suggesting both proteins are not
involved in CENP-ACnp1 mis-propagation. In addition, we
did not observe transcriptional activation, which can in-
duce the exchange of histone H3 for CENP-ACnp1, in sfh1-
13 cells (Supplementary Figure S6B). These results suggest
that the CENP-ACnp1 propagation at pericentromere dif-
fers from conventional propagation at the core region. We
have shown that mis-propagated CENP-ACnp1 recruits a
subset of kinetochore components, including CENP-CCnp3

and CENP-IMis6, in the absence of Sfh1/RSC function (Fig-
ure 2B and C), which could cause chromosome segrega-
tion defects. Furthermore, this suggest that mis-propagated
CENP-ACnp1 retains some function, though we do not
know whether it is incorporated in the nucleosome at this
stage. Therefore, preventing CENP-ACnp1 mis-propagation
at the boundaries between central CENP-ACnp1 domains
and pericentromeric heterochromatin is crucial for the func-
tion of centromeres.

Previous studies have reported that chromatin decom-
paction blocks the propagation of specific chromatin states
by separating neighbouring nucleosomes (65). For example,
both (CCGNN)n and poly(dA-dT) sequences, which pre-
vent the formation of nucleosomes, block the spread of het-
erochromatin in budding yeast (66). Furthermore, tDNAs,
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which encode tRNAs, are nucleosome-depleted and func-
tion as a barrier to heterochromatin spread in human cells
(67). At fission yeast centromeres, tDNAs are constitutive
NDRs located at transition zones between CENP-ACnp1

chromatin domains and heterochromatin domains (Figure
5B) (45,51,52,59). Deletion of tDNAs induces the propaga-
tion of heterochromatin into CENP-ACnp1 domains but not
the propagation of CENP-ACnp1 into heterochromatin (52).
In addition, the transcriptional inactivation of tDNAs by
sfc3-1 mutation does not cause mis-propagation of CENP-
ACnp1 (Figure 5D). These results indicate that tDNAs func-
tion as a barrier to the spread of heterochromatin but
not to CENP-ACnp1. By contrast, loss of Sfh1/RSC causes
mis-propagation of CENP-ACnp1 but not heterochromatin.
These findings show that Sfh1/RSC establishes a barrier to
CENP-ACnp1 propagation at the boundary region indepen-
dent from the tDNA-based heterochromatin barrier.

RSC mutations cause shrinkage in NDRs throughout the
fission yeast genome (17), indicating that RSC participates
in chromatin decompaction. Our analyses show that de-
fects in Sfh1/RSC cause partial loss of chromatin decom-
paction, which appears to be associated with the spread
of CENP-ACnp1 over the boundary (Figure 5B and C).
Thus, NDRs appear to function as a barrier against CENP-
ACnp1 propagation. We have shown that the insertion of
ura4+ at boundaries can block CENP-ACnp1 propagation
in the absence of the Sfh1/RSC-dependent barrier (Figure
4C). Since we have shown that the insertion of ura4+ into
neighbouring heterochromatin, where transcription is re-
pressed, has no barrier activity (Figure 4C), we believe that
transcription prevents the spread of CENP-ACnp1. It is pos-
sible that active transcription units cause a high level of
nucleosome turnover, inducing the decompaction of chro-
matin, which functions as a barrier to CENP-ACnp1 spread.
Previous studies have shown that RSC plays a dominant
role in establishing the size of NDRs, which is achieved
by preventing an inward shift of the +1 and −1 nucleo-
somes (13–15). We speculate that the same mechanism sep-
arates distinct centromeric domains and maintains the bar-
rier to CENP-ACnp1 mis-propagation at the centromeric
boundary. Shrinkage of this boundary when RSC is defec-
tive could promote propagation of CENP-ACnp1 into hete-
rochromatic domains (Figure 5F).

Our results reveal a novel function for the RSC-
dependent decompaction of chromatin. This improves our
understanding of how RSC contributes to chromatin-
related processes in the cell, and of the mechanisms respon-
sible for the control of the distribution and size of distinct
chromatin domains.

DATA AVAILABILITY

Sequencing raw and processed data have been deposited in
DDBJ (https://www.ddbj.nig.ac.jp/index-e.html) with the
accession number DRA007530 and E-GEAD-471, respec-
tively.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank R. Allshire for providing yeast strains and a plas-
mid expressing CENP-ACnp1; K. Ishii for the Cnp1 anti-
body; T. Urano for the H3K9me antibody; and H. Kimura
for the H3K14ac antibody. We thank H. Kato for NGS data
analysis. We thank our laboratory members, especially S.
Suzuki for helpful discussion about NGS and S. Kimura for
secretarial work.

FUNDING

Grant-in-Aid for Scientific Research on Priority Areas from
the Ministry of Education, Culture, Sports, Science, and
Technology of Japan [10159209, 12206045]; Grant-in-Aid
for Scientific Research (A) from the Japan Society for the
Promotion of Science [21247001]; ChIP-seq analysis was
supported by MEXT KAKENHI [221S0002]. Funding for
open access charge: Ministry of Education, Culture, Sports,
Science, and Technology of Japan [12206045].
Conflict of interest statement. None declared.

REFERENCES
1. Black,B.E., Foltz,D.R., Chakravarthy,S., Luger,K., Woods,V.L. and

Cleveland,D.W. (2004) Structural determinants for generating
centromeric chromatin. Nature, 430, 578–582.

2. De Rop,V., Padeganeh,A. and Maddox,P.S. (2012) CENP-A: the key
player behind centromere identity, propagation, and kinetochore
assembly. Chromosoma, 121, 527–538.

3. Cheeseman,I.M. and Desai,A. (2008) Molecular architecture of the
kinetochore-microtubule interface. Nat. Rev. Mol. Cell Biol., 9, 33–46.

4. Chen,C.C. and Mellone,B.G. (2016) Chromatin assembly: journey to
the CENter of the chromosome. J. Cell Biol., 214, 13–24.

5. Hota,S.K. and Bruneau,B.G. (2016) ATP-dependent chromatin
remodeling during mammalian development. Development, 143,
2882–2897.

6. Cao,Y., Cairns,B.R., Kornberg,R.D. and Laurent,B.C. (1997) Sfh1p,
a component of a novel chromatin-remodeling complex, is required
for cell cycle progression. Mol. Cell. Biol., 17, 3323–3334.

7. Hsu,J.-M., Huang,J., Meluh,P.B. and Laurent,B.C. (2003) The yeast
RSC chromatin-remodeling complex is required for kinetochore
function in chromosome segregation. Mol. Cell. Biol., 23, 3202–3215.

8. Huang,J., Hsu,J.M. and Laurent,B.C. (2004) The RSC
nucleosome-remodeling complex is required for cohesin’s association
with chromosome arms. Mol. Cell, 13, 739–750.

9. Shim,E.Y., Ma,J.-L., Oum,J.-H., Yanez,Y. and Lee,S.E. (2005) The
yeast chromatin remodeler RSC complex facilitates end joining repair
of DNA double-strand breaks. Mol. Cell. Biol., 25, 3934–3944.

10. Monahan,B.J., Villén,J., Marguerat,S., Bähler,J., Gygi,S.P. and
Winston,F. (2008) Fission yeast SWI/SNF and RSC complexes show
compositional and functional differences from budding yeast. Nat.
Struct. Mol. Biol., 8, 873–880.

11. Yamada,K., Hirota,K., Mizuno,K.-I., Shibata,T. and Ohta,K. (2008)
Essential roles of snf21, a swi2/snf2 family chromatin remodeler, in
fission yeast mitosis. Genes Genet. Syst., 83, 361–372.

12. Kotomura,N., Tsunemine,S., Kuragano,M., Asanuma,T.,
Nakagawa,H., Tanaka,K. and Murakami,Y. (2018) Sfh1, an essential
component of the RSC chromatin remodeling complex, maintains
genome integrity in fission yeast. Genes Cells, 23, 738–752.

13. Badis,G., Chan,E.T., van Bakel,H., Pena-Castillo,L., Tillo,D.,
Tsui,K., Carlson,C.D., Gossett,A.J., Hasinoff,M.J., Warren,C.L.
et al. (2008) A library of yeast transcription factor motifs reveals a
widespread function for rsc3 in targeting nucleosome exclusion at
promoters. Mol. Cell, 32, 878–887.

14. Hartley,P.D. and Madhani,H.D. (2009) Mechanisms that specify
promoter nucleosome location and identity. Cell, 137, 445–458.

15. Parnell,T.J., Huff,J.T. and Cairns,B.R. (2008) RSC regulates
nucleosome positioning at pol II genes and density at pol III genes.
EMBO J., 27, 100–110.

https://www.ddbj.nig.ac.jp/index-e.html
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac827#supplementary-data


Nucleic Acids Research, 2022, Vol. 50, No. 19 10927

16. Wippo,C.J., Israel,L., Watanabe,S., Hochheimer,A., Peterson,C.L.
and Korber,P. (2011) The RSC chromatin remodelling enzyme has a
unique role in directing the accurate positioning of nucleosomes.
EMBO J., 30, 1277–1288.

17. Yague-Sanz,C., Vázquez,E., Sánchez,M., Antequera,F. and
Hermand,D. (2017) A conserved role of the RSC chromatin
remodeler in the establishment of nucleosome-depleted regions. Curr.
Genet., 63, 187–193.

18. Clapier,C.R., Kasten,M.M., Parnell,T.J., Viswanathan,R.,
Szerlong,H., Sirinakis,G., Zhang,Y. and Cairns,B.R. (2016)
Regulation of DNA translocation efficiency within the chromatin
remodeler RSC/Sth1 potentiates nucleosome sliding and ejection.
Mol. Cell, 62, 453–461.

19. Sinha,K.K., Gross,J.D. and Narlikar,G.J. (2017) Distortion of
histone octamer core promotes nucleosome mobilization by a
chromatin remodeler. Science, 355, eaaa3761.

20. Gikopoulos,T., Singh,V., Tsui,K., Awad,S., Renshaw,M.J.,
Scholfield,P., Barton,G.J., Nislow,C., Tanaka,T.U. and
Owen-hughes,T. (2011) The SWI /SNF complex acts to constrain
distribution of the centromeric histone variant cse4. EMBO J., 30,
1919–1927.

21. Mathew,V., Pauleau,A.L., Steffen,N., Bergner,A., Becker,P.B. and
Erhardt,S. (2014) The histone-fold protein CHRAC14 influences
chromatin composition in response to DNA damage. Cell Rep., 7,
321–330.

22. Choi,E.S., Stralforss,A., Catania,S., Castillo,A.G., Svensson,J.P.,
Pidoux,A.L., Ekwall,K. and Allshire,R.C. (2012) Factors that
promote H3 chromatin integrity during transcription prevent
promiscuous deposition of CENP-ACnp1 in fission yeast. PLoS
Genet., 8, e1002985.

23. Kitagawa,T., Ishii,K., Takeda,K. and Matsumoto,T. (2014) The 19S
proteasome subunit rpt3 regulates distribution of CENP-A by
associating with centromeric chromatin. Nat. Commun., 5, 3597.

24. Motamedi,M.R., Hong,E.J.E., Li,X., Gerber,S., Denison,C., Gygi,S.
and Moazed,D. (2008) HP1 proteins form distinct complexes and
mediate heterochromatic gene silencing by nonoverlapping
mechanisms. Mol. Cell, 32, 778–790.

25. Fischer,T., Cui,B., Dhakshnamoorthy,J., Zhou,M., Rubin,C.,
Zofall,M., Veenstra,T.D. and Grewal,S.I.S. (2009) Diverse roles of
HP1 proteins in heterochromatin assembly and functions in fission
yeast. Proc. Natl. Acad. Sci. U.S.A., 106, 8998–9003.

26. Moreno,S., Klar,A. and Nurse,P. (1991) Molecular genetic analysis of
fission yeast schizosaccharomyces pombe. Methods Enzymol.,194,
795–823.

27. Bähler,J., Wu,J.Q., Longtine,M.S., Shah,N.G., McKenzie,A.,
Steever,A.B., Wach,A., Philippsen,P. and Pringle,J.R. (1998)
Heterologous modules for efficient and versatile PCR-based gene
targeting in schizosaccharomyces pombe. Yeast, 14, 943–951.

28. Takayama,Y., Sato,H., Saitoh,S., Ogiyama,Y., Masuda,F. and
Takahashi,K. (2008) Biphasic incorporation of centromeric histone
CENP-A in fission yeast. Mol. Biol. Cell, 19, 682–690.

29. Nakagawa,H., Lee,J.K., Hurwitz,J., Allshire,R.C., Nakayama,J.I.,
Grewal,S.I.S., Tanaka,K. and Murakami,Y. (2002) Fission yeast
CENP-B homologs nucleate centromeric heterochromatin by
promoting heterochromatin-specific histone tail modifications. Genes
Dev.,16, 1766–1778.

30. Dohke,K., Miyazaki,S., Tanaka,K., Urano,T., Grewal,S.I.S. and
Murakami,Y. (2008) Fission yeast chromatin assembly factor 1 assists
in the replication-coupled maintenance of heterochromatin. Genes
Cells, 13, 1027–1043.

31. Kawakami,K., Hayashi,A., Nakayama,J.I. and Murakami,Y. (2012)
A novel RNAi protein, dsh1, assembles RNAi machinery on
chromatin to amplify heterochromatic siRNA. Genes Dev.,26,
1811–1824.
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