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Abstract

Centromere is a specialized chromatin domain that plays a vital role in chromosome segre-
gation. In most eukaryotes, centromere is surrounded by the epigenetically distinct hetero-
chromatin domain. Heterochromatin has been shown to contribute to centromere function,
but the precise role of heterochromatin in centromere specification remains elusive. Centro-
meres in most eukaryotes, including fission yeast (Schizosaccharomyces pombe), are
defined epigenetically by the histone H3 (H3) variant CENP-A. In contrast, the budding
yeast Saccharomyces cerevisiae has genetically-defined point centromeres. The transition
between regional centromeres and point centromeres is considered as one of the most dra-
matic evolutionary events in centromere evolution. Here we demonstrated that Cse4, the
budding yeast CENP-A homolog, can localize to centromeres in fission yeast and partially
substitute fission yeast CENP-A™". But overexpression of Cse4 results in its localization to
heterochromatic regions. Cse4 is subject to efficient ubiquitin-dependent degradation in

S. pombe, and its N-terminal domain dictates its centromere distribution via ubiquitination.
Notably, without heterochromatin and RNA interference (RNAI), Cse4 fails to associate with
centromeres. We showed that RNAi-dependent heterochromatin mediates centromeric
localization of Cse4 by protecting Cse4 from ubiquitin-dependent degradation. Heterochro-
matin also contributes to the association of native CENP-AC™" with centromeres via the
same mechanism. These findings suggest that protection of CENP-A from degradation by
heterochromatin is a general mechanism used for centromere assembly, and also provide
novel insights into centromere evolution.

Author summary

Centromere is a specialized chromosomal domain that is essential for faithful chromo-
some segregation during mitosis and meiosis. In most eukaryotes, centromeres are sur-
rounded by the densely packed heterochromatin. The exact role of heterochromatin in
centromere assembly remains elusive. Centromeres in most eukaryotes are defined
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epigenetically by a conserved histone 3 variant, CENP-A. Ubiquitin-mediated proteolysis
prevents mislocalization of CENP-A at non-centromeric regions. In this work, we demon-
strated that heterochromatin and RNAi mediate centromere specification by protecting
CENP-A from ubiquitin-mediated degradation. This mechanism may provide answers to
long-lasting questions, such as why centromeres are usually flanked by heterochromatin,
and why neocentromeres often form at heterochromatic regions. Our study also has
important implications in centromere evolution. One fascinating aspect of centromere
evolution is the transition between epigenetically defined “regional centromeres” and
genetically defined “point centromeres”. Our findings suggest that lacking pericentro-
meric heterochromatin in point centromeres may contribute to the dramatic transition
between regional and point centromeres in centromere evolution.

Introduction

Chromatin is organized into different chromatin domains. Centromere is a specialized chro-
matin domain that plays a vital role in chromosome segregation [1-3]. In most eukaryotes,
centromere is surrounded by the epigenetically distinct heterochromatin domains. Peri-cen-
tromeric heterochromatin is usually composed of tandem DNA repeats that are organized into
condensed, transcriptionally silenced structures. The region contains the conserved hallmark
of heterochromatin, histone H3 lysine 9 (H3K9) methylation [1]. Heterochromatin has been
shown to contribute to centromere function [4-9]. But its exact role in centromere assembly
remains unknown.

The vast majority of eukaryotes have “regional centromeres”, which contain large regions
of DNA, hosting multiple microtubule nucleation sites. DNA sequence in regional centro-
meres is highly variable among species. Sequence-independent epigenetic mechanisms are
crucial for specification of “regional” centromeres. A conserved histone 3 (H3) variant protein,
CENP-A, serves as the epigenetic mark for centromeres [1-3]. The histone variant partially
replaces the canonical histone H3 in centromeres, and is assembled into unique CENP-A
nucleosomes that promote kinetochore assembly. CENP-A proteins across species share a con-
served C-terminal histone fold domain containing the CENP-A targeting domain (CATD),
while the N terminus tails are vastly divergent in sequence and length [10-12]. It has been pro-
posed that CENP-A evolves adaptively in concert with the centromeric sequence [8, 13].

Unlike other eukaryotes, the budding yeast Saccharomyces cerevisiae contain genetically
defined “point centromeres”. Point centromeres are only ~125 base pairs in length, and this
short DNA sequence is necessary and sufficient for centromere formation. The centromeric
DNA is recognized by specific DNA-binding proteins that recruit the CENP-A homolog,
Cse4, to drive kinetochore assembly [1, 14, 15]. Noticeably, point centromeres lack peri-cen-
tromeric heterochromatin. The transition between regional centromeres and point centro-
meres is considered as one of the most dramatic evolutionary events in centromere evolution
[8]. It has been shown that major heterochromatin proteins and RNAi machinery were lost in
budding yeast [16, 17]. The evolution event appears coupled with the emergence of point cen-
tromeres. This raised an important question of how epigenetically-defined regional centro-
mere that requires heterochromatin machinery evolved to a genetically defined point
centromere that relinquishes the requirement for these proteins [8].

Mistargeting of CENP-A to non-centromeric regions has been reported to produce ectopic
kinetochores, and trigger chromosome instability and aneuploidy in multiple organisms.
Overexpression of CID, the Drosophila CENP-A, promotes formation of ectopic centromere,
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leading to chromosome missegregation and growth defects [18]. Interestingly, ectopic centro-
meres prefer to assemble at regions near heterochromatin [19]. In budding yeast S. cerevisiae,
mislocalization of Cse4 also results in defects in chromosome segregation [20]. Overexpression
and mispositioning of CENP-A have been found in many cancer cells and contribute to carci-
nogenesis [21-25]. One of the conserved mechanisms used to prevent CENP-A mispositioning
is ubiquitin-dependent proteolysis. Proteolysis of CENP-A in both budding yeast and Dro-
sophila ensures the exclusive restriction of CENP-A at centromeres [26-28]. Both the N-termi-
nus and the CATD domain in the conserved C-terminus in the budding yeast Cse4 are
important for proteolysis of the protein [29, 30]. A recent study showed that the FACT (facili-
tates chromatin transcription/transactions) complex mediates the degradation of Cse4 by
destabilizing the ectopic Cse4 nucleosomes and facilitating the interaction of the E3 ubiquitin
ligase, Psh1, with Cse4 [31]. On the other hand, the kinetochore has been reported to protect
Cse4 at point centromeres from ubiquitin-mediated proteolysis [26, 32]. The association of
Scm3/HJURP, a CENP-A specific chaperone, was also suggested to play a role in guarding
Cse4 at centromeres [27]. In addition, the kinetochore is implicated in protecting of CENP-A
degradation in regional centromeres in Candida albicans [33]. However, how CENP-A is pro-
tected from degradation especially at regional centromeres remains poorly understood.

In contrast to budding yeast, evolutionarily divergent fission yeast (Schizosaccharomyces
pombe) contains regional centromeres defined by the CENP-A homolog, Cnp1 [1, 34]. Centro-
meres in fission yeast are also flanked by heterochromatin. Overexpression of Cnpl can cause
chromosome missegregation during both mitosis and meiosis [35-37]. We have found that the
N terminus of Cnpl is important for its ubiquitin-mediated degradation [37]. In addition, cen-
tromeres and peri-centromeric heterochromatin are localized near the nuclear membrane
periphery, where proteasome subunits, such as Rpt3 and Mts2, and a proteasome anchor pro-
tein Cut8 are enriched [38-40]. The pericentromeric heterochromatin in fission yeast is marked
by H3K9 methylation. Clr4, a homolog of the mammalian histone methyltransferase SUV39H1,
mediates H3K9 methylation, which is bound by the HP1 homolog Swi6. RNA interference
(RNAI) plays an important role in H3K9 methylation and heterochromatin silencing [1, 41, 42].
It has been reported that RN Ai-mediated heterochromatin is required for Cnp1 assembly at
neocentromeres but is dispensable for inheritance of Cnpl chromatin [6]. Deletion of centro-
mere sequences in fission yeast can result in formation of ectopic centromere in heterochroma-
tin region [5]. We and others have also shown that overexpressed Cnp1 forms ectopic loci that
are often associated with heterochromatic regions [35, 37]. But the mechanism underlying the
role of heterochromatin in centromere assembly remains unknown.

To study the role of peri-centromeric heterochromatin in centromere specification, we
expressed the budding yeast Cse4 in S. pormbe. We demonstrated that Cse4 can target to fission
yeast centromeres, but overexpression of Cse4 leads to its preferential localization in hetero-
chromatin. We showed that Cse4 in S. pombe is subject to efficient ubiquitination and degrada-
tion, resulting in its expression at low level. Using Cse4 domain-deletion mutants and also
domain-swapped chimeras by swapping the N- and C-terminal domains of Cse4 and Cnpl, we
showed that the N-terminal domain of these proteins mediates their proper centromere distri-
bution by dictating the protein level via ubiquitination. Importantly, we found that heterochro-
matin and RNAi promote targeting of Cse4 to centromeres by protecting Cse4 from ubiquitin-
dependent degradation. Peri-centromeric heterochromatin also protects native Cnp1 at centro-
meres. In heterochromatin mutants, proteasomes are accumulated in centromeres, resulting in
high ubiquitination of Cnp1 and its unstable association with centromeres. To our knowledge,
our findings provide the first mechanistic insight into the role of heterochromatin in the regula-
tion of centromere specification. The study advances our understanding of how different chro-
matin domains functionally interact, and also sheds light on centromere evolution.
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Results

Cse4 can target to centromeres and partially substitute Cnpl1 in fission
yeast

To investigate how Cse4 behaves in fission yeast, Cse4 was constructed under the strong inducible
promoter nmt1 in the fission yeast expression vector, pREP1. The promoter was induced when
thiamine is depleted from the media. We found that no florescent signal in wild-type (WT) cells
carrying Cse4-GFP was detected in repressed condition. However, ~90% of cells exhibited a single
GFP focus 24 hours after thiamine withdrawal (Fig 1A, left panel). In S. pombe, centromeres are
clustered near the spindle pole body (SPB) during interphase. We found that the single Cse4-GFP
focus colocalizes with the CFP-tagged SPB protein Sadl (Fig 1B), indicating that Cse4-GFP is
associated with centromeres. Chromatin immunoprecipitation (ChIP) analysis also confirmed
that Cse4-GFP is enriched in the centromeric sequences (Fig 1E). To test whether Cse4 can func-
tionally substitute Cnpl in fission yeast, Cse4 was expressed in the temperature sensitive (ts)
mutant, cnpl-1. When cultured at 36°C, cnp1-1 cells are non-viable, but the presence of Cse4
largely complements the growth defects, demonstrating that Cse4 is at least partially substitute
Cnpl to establish functional centromeres in fission yeast (Fig 1C).

Overexpressed Cse4-GFP is preferentially localized at heterochromatin

We noticed that with extended overexpression, Cse4-GFP was found further enriched in cen-
tromeric regions (Fig 1E), which is similar to overexpressed Cnp-GFP (S1 Fig). In addition, we
found more Cse4-GFP foci with extended overexpression. 79% of cells at 28-hour induction
display multiple foci, commonly 2-6, that tend to be associated with the nuclear envelope (Fig
1A, right panel). Heterochromatin in fission yeast interphase cells is organized into 2-6 clus-
ters next to the nuclear envelope; cells expressing mCherry-tagged Swi6 thus also exhibit 2-6
foci [37, 43]. We found that these Cse4-GFP foci largely colocalize with mCherry-Swi6 (Fig
1D), suggesting that overexpressed Cse4-GFP preferentially binds to heterochromatic regions.
This is reminiscent of Cnp1’s enrichment to heterochromatic domains when overexpressed
[35, 37]. We also performed ChIP qPCR analysis to quantitate the relative enrichment of
Cse4-GFP to heterochromatin regions. Consistent with the microscopic observations,
Cse4-GFP is absent in pericentromeric and sub-telomeric heterochromatin regions with short
overexpression (Fig 1E). But when the induction of Cse4-GFP is extended for additional 4
hours, Cse4-GFP is enriched in these heterochromatic regions (Fig 1E). To further determine
whether Cse4-GFP foci are formed by stable chromatin incorporation of Cse4, we performed
in situ chromatin-binding assays. GFP-Swi6 in the heterochromatin mutant dosiA (also
known as raflA) [44-46] appears diffuse in the nucleus due to the dissociation of Swi6 from
chromatin, and the GFP signal can be readily washed away by Triton X-100. But we found that
Cse4-GFP is resistant to Triton X-100 extraction (Fig 1F), suggesting that Cse4-GFP is stably
associated with chromatin.

Cse4 undergoes efficient ubiquitination and degradation in fission yeast

We have shown previously that at the repressed condition, a single GFP focus formed in
almost all cells carrying pREP1-Cnp1-GFP due to leaky expression from the promoter [37]. In
contrast, no GFP signal was observed in cells carrying pREP1-CSE4-GFP at the same condi-
tion (Fig 2A and 2B). In addition, at 24-hour induction, ~90% of cells carrying Cse4-GFP con-
tain a single focus, whereas nearly all the cells overexpressing Cnp1-GFP exhibit multiple
bright foci (commonly 6-30), or widespread fluorescent signal (Fig 2A and 2B). Moreover, it
takes ~20% more induction time to have Cse4-GFP signal sufficiently induced compared to
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Fig 1. Cse4 preferentially targets to centromeres and functionally substitutes Cnpl in fission yeast. A, Cells carrying
pREP1-CSE4-GFP that were induced for 24 hours show a single GFP focus (short). Multiple foci (commonly 3-6) were
detected for 28-hour induction (long). (Bottom) Percentage of cells containing single or multiple focus. OE, overexpression.
B, The single Cse4-GFP focus colocalizes with Sad1-CFP. C, Cse4-GFP partially rescues cnp1-1 growth defects at 36°C.
Serial dilutions of indicated strains were plated in minimal medium without thiamine. Dilution = 10. D, Multiple GFP foci
in cells overexpressing Cse4-GFP colocalize with mCherry-Swi6. E. ChIP qPCR showing relative enrichment of Cse4-GFP
to centromeric region (cnt3), peri-centromeric region (otr) and sub-telomeric region (subT). ChIP was repeated in triplicate.
Error bar indicates SEM. *, p<0.01. F, in situ chromatin-binding assay for wild type cells expressing Cse4-GFP. The
heterochromatin mutant dosIA carrying GFP-Swi6 was used as a control (Bottom). GFP-Swi6 is dissociated from
heterochromatin in dosIA, and was readily washed away by Triton X-100 as expected. Scale bars: 2 um.

https://doi.org/10.1371/journal.pgen.1007572.g001

Cnp1-GFP (S2A Fig), and the additional induction time does not increase their mRNA expres-
sion (S2B Fig), suggesting at the same time point Cse4-GFP protein level is lower than
Cnpl-GFP. These observations prompted us to examine the level of Cse4 and Cnp1 in these
conditions by western blot assays, and we found that protein level of Cse4 is significantly lower
than Cnpl (Fig 2C).
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Fig 2. Cse4 is expressed at a significantly low level in the fission yeast. A, Distribution patterns of Cse4-GFP and Cnp1-GFP at
repressed (Top) and overexpressed (Bottom) conditions (24-hour induction). B, Quantification of the percentage of cells showing a
single focus when repressed (Left), and a single or multiple GFP foci (>3) in overexpressed condition (Right). C, Western blot analysis
of cells expressing indicated proteins using an anti-GFP antibody. Tubulin was used as a loading control. D, Cells harboring
pREP1-CSE4-GFP were grown in minimal medium with thiamine to suppress its expression (Left) or lacking thiamine to induce
overexpression (Right). Wild type cells carrying an empty vector were used as a control. E, Overexpression of Cse4 results in minor
chromosome segregation defects. Cells carrying indicated plasmids were plated in minimal medium that contains 15ug/ml TBZ but no
thiamine. Dilution = 10. Ctrl, a control plate without TBZ. Scale bar: 2 um.

https://doi.org/10.1371/journal.pgen.1007572.9002

Overexpression of Cnpl in fission yeast causes chromosome mis-segregation and growth
defects [37], while overexpression of Cse4 in budding yeast cells displays little phenotype [26,
47]. We next examined the effect of overexpression of Cse4 in fission yeast. We found that
overexpressing Cse4 in fission yeast leads to no obvious growth defects (Fig 2D). Consistently,
cells overexpressing Cnpl is highly sensitive to microtubule-destabilizing drug, thiabendazole
(TBZ), but the drug only has minor effect on growth of cells overexpressing Cse4 (Fig 2E). The
significantly reduced expression level of Cse4 may, at least partially, explain why overexpres-
sing Cse4 does not exert growth defects as Cnp1l overexpression.

Both low level of transcription and high rate of protein degradation could contribute to the
observed low expression level of Cse4. We first analyzed the transcription level of Cse4-GFP
by RT-qPCR, and found it similar to the level of Cnp1-GFP expressed at the same condition
(Fig 3A). We next investigated the protein stability of Cse4 and Cnpl by western blotting. We
found that while Cnp1 level persists up to 4 hours after treatment with cycloheximide, an
inhibitor of protein synthesis, Cse4 is quickly degraded (Fig 3B).

Cse4 in budding yeast is regulated by ubiquitin-mediated proteolysis [26, 27]. To examine
whether Cse4 in fission yeast is also subjected to the degradation pathway, we expressed
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Fig 3. Cse4 is subject to efficient ubiquitin-dependent degradation in the fission yeast. A, RT-PCR analysis of cells expressing Cnp1-GFP or
Cse4-GFP. Total RNA extracted from cells overexpressing Cnp1-GFP or Cse4-GFP was used. Cnp1-GFP or Cse4-GFP transcripts were analyzed
with primers specific for GFP. Actin was used as an internal control. B, Lysates from cells collected at indicated time points (hrs) following
cycloheximide treatment were analyzed by western blotting with an anti-GFP antibody. C, Cse4 level is enhanced after proteasome inactivation in
fission yeast. Cells overexpressing Cse4-GFP in wild type or mts2-1 background were incubated at 37°C for 4 hours, and were subject to western
blot analysis using an anti-GFP antibody. Tubulin was used as a loading control. D, Extracts from cells expressing indicated proteins were split,
and subject to TUBE pull-down and reverse pull-down assays, respectively. For TUBE pull-down assays, extracts were immunoprecipitated with
tandem ubiquitin-binding entities (+TUBE), or control Argarose beads (-TUBE), followed by western blot analysis using an anti-GFP antibody.
For reverse pull-down assays (right panel), extracts were immunoprecipitated with an anti-GFP antibody, then analyzed by western blotting using
a pan ubiquitin antibody. Induction time: 20 hours for Cnp1-GFP; 24 hours for Cse4-GFP.

https://doi.org/10.1371/journal.pgen.1007572.9003

Cse4-GFP level in cells carrying a ts mutant of a 19S proteasome regulatory subunit, mts2-1.
After 4 hours of exposure to the restrictive temperature, Cse4-GFP protein level is significantly
accumulated, indicating that Cse4 in fission yeast is also regulated by ubiquitin-mediated pro-
teolysis (Figs 3C and S3).

To examine the extent to which Cse4 is ubiquitinated, we performed affinity pull-down
assays using TUBEs (Tandem Ubiquitin Binding Entity) in mt#s2-1 cells expressing Cnp1-GFP
or Cse4-GFP. We observed a laddering pattern for both Cnp1 and Cse4 after immunoprecipi-
tation with TUBEs, whereas the control sample immunoprecipitated with empty agarose
beads does not show the laddering pattern, indicating that both proteins are polyubiquitylated
(Fig 3D). Furthermore, the laddering pattern in cells expressing Cse4-GFP is considerably
enhanced, compared with Cnp1-GFP (Fig 3D). This finding was corroborated by a reverse
pull-down assay, where Cnpl-GFP and Cse4-GFP were immunoprecipitated with an antibody
against GFP and analyzed by western blot analysis using a pan ubiquitin antibody (Fig 3D).
We therefore concluded that Cse4 in fission yeast is subject to efficient ubiquitin-dependent
degradation, explaining why expression level of Cse4 is significantly lower than the level of
Cnpl in fission yeast.
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N terminus of Cse4 is important for its stability and centromeric
localization

Despite sharing a conserved C terminal domain, the N terminus tails of Cse4 and Cnpl are
remarkably different. Cse4 contains a relatively long N-terminus consisting of 130 amino acids,
whereas the N-terminus of Cnp1 has only 20 amino acids (54 Fig). We hypothesized that the N
terminus tails of these proteins may contribute to the difference in stability between Cse4 and
Cnpl in fission yeast. To determine the role of Cse4’s N terminal domain, we created a strain
carrying N-terminal deleted Cse4-GFP under the nmt1 promoter, Cse4-NA-GFP. We found
that deletion of the N-terminal domain of Cse4 results in largely diffused but brighter GFP sig-
nal in the nucleus after the 22-hour induction, whereas most of cells carrying Cse4-GFP contain
a single GFP focus at the same time (S5A Fig). This, together with western blot analysis (S5B
Fig), demonstrated that N-terminal deleted Cse4-GFP exhibits a higher protein level.

To further examine the role of Cse4’s N terminus, we fused it with the C-terminal domain of
Cnpl to generate Cse4™-Cnp1°-GFP. We also constructed a chimera containing the N-terminal
domain of Cnp1 and the C-terminus of Cse4, Cnp1™-Cse4“-GFP (Fig 4A). We found that most
cells overexpressing Cse4™-Cnp1°-GFP contain a single focus 24 hours after induction, similar
to cells expressing Cse4-GFP under the same condition. In contrast, expression of Cnp1™-
Cse4“-GFP at the same condition results in multiple foci, or widespread signal throughout the
nucleus (Fig 4B), which phenocopied cells overexpressing Cnpl-GFP [37]. Consistent with this,
the level of Cse4™-Cnp1°-GFP is significantly lower than Cnp1™-Cse4“-GFP (Fig 4C). The N-
terminus of Cse4 and Cnpl thus dictates their protein level and proper distribution.

The N-terminus of both Cse4 and Cnp1 has been implicated in ubiquitin-dependent prote-
olysis [29, 37]. Accordingly, we found that Cse4-NA-GFP expression is more stable by our pro-
tein stability assays (S5C Fig). Furthermore, our in vivo ubiquitination assays revealed that N-
terminus-deleted Cse4 is less ubiquitinated than WT Cse4 (S5D Fig), demonstrating the
importance of the domain in ubiquitin-mediated Cse4 degradation in fission yeast. We specu-
late that the long N terminus of Cse4 may facilitate the recognition by ubiquitin ligases that
lead to higher ubiquitination.

Heterochromatin and RNAi are indispensable for the centromeric
association of Cse4

While regional centromeres are flanked with heterochromatin, point centromeres in budding
yeast lack pericentromeric heterochromatin. To investigate whether the centromeric association
of Cse4-GEFP is affected by heterochromatin, we examined the distribution of Cse4-GFP in the
clr4A mutant. Remarkably, we found that Cse4-GFP in clr4A is completely diffused in almost all
cells observed (Figs 5A and S6). We also observed the same diffuse Cse4-GFP pattern in the Dicer
mutant, dcrIA (Figs 5A and S6). To determine whether diffused Cse4-GFP in the clr4A is chroma-
tin-bound, we performed in situ chromatin-binding assays. We found that, whereas Cse4-GFP in
the wild-type cells forms stable foci that are resistant to Triton X-100 extraction, Cse4-GFP in
clr4A is effectively washed away from the nucleus by the treatment (Fig 5B), indicating that
Cse4-GFP in the clr4A does not assemble stably with chromatin. These data suggest that hetero-
chromatin promotes chromatin assembly and centromeric targeting of Cse4 in fission yeast.

Heterochromatin protects Cse4 from ubiquitin-mediated degradation

Aside from lacking centromeric targeting, we also observed that the Cse4-GFP signal is very
faint in clr4A cells with Cse4-GFP fully induced for 28 hours, indicating that the protein is
expressed at low level. Consistent with this, at 24-hour induction, while most WT cells contain
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a single focus of Cse4-GFP, no GFP signal is detectable in most cIr4A cells (Fig 5C). The induc-
tion time for Cse4-GFP in clr4A to yield GFP signal in nearly all cells is ~20% longer than in
WT (S2A Fig). Western blot analysis confirmed that Cse4-GFP protein level in clr4A is
reduced by at least 50% (Fig 5D). To test the stability of Cse4 in cIr4A cells, we analyzed protein
levels of Cse4-GFP over time by western blotting. We observed that after treatment of cyclo-
heximide, Cse4 level decreases faster in clr4A cells than wild type, suggesting heterochromatin
promotes stability of Cse4 in fission yeast (S7 Fig). In addition, we found that the level of Cse4
ubiquitination is significantly enhanced in both clr4A and dcr1A by immunoprecipitation
assays (Figs 5E, 5F and S8). These data indicate that RNAi and heterochromatin play a vital
role in preventing ubiquitin-mediated degradation of Cse4.

Our results predict that if ubiquitin-proteasome pathway is disrupted in the c/r4A mutant,
the level of Cse4 will increase; yet due to loss of heterochromatin restriction, Cse4 can incorpo-
rate into chromatin but in a more random manner. To test this, we expressed Cse4-GFP in the
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clr4A mts2-1 double mutant. At the 23°C permissive temperature, Cse4-GFP is largely diffused
in the nucleus without forming visible foci in clr4A mts2-1 (Fig 5G). However, after 4 hours of
incubation at the restrictive temperature of 37°C, which blocked proteasome activity, many
distinct foci of Cse4-GFP (commonly 6-30) were found and randomly distributed in the
nucleus in the double mutant (Fig 5G). The random distribution of Cse4-GFP foci likely
results from lacking restriction by defined heterochromatin structure in the double mutant.
Western blot assays confirmed that Cse4-GFP level is enhanced in cIr4A mts2-1 cells at 37°C
(S9A Fig). Furthermore, in situ chromatin binding assay was performed to test the association
of Cse4-GFP foci with chromatin. While diffused Cse4-GFP signal can be readily washed away
by Triton-X100 in clr4A mts2-1 cells cultured at 23°C, Cse4-GFP foci resulting from protea-
some inactivation at 37°C are stably associated with chromatin (S9B Fig). These data support
that heterochromatin promotes Cse4 stability and its association with centromere by protect-
ing Cse4 from ubiquitin-dependent proteolysis.
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Heterochromatin promotes centromeric targeting of Cnpl

Although pericentromeric heterochromatin has been shown to be important for centromere
function and identity, a previous study reported that Cnp1-GFP is still associated with centro-
meres in clr4 mutant [6]. In light of our findings that centromeric targeting of Cse4 is signifi-
cantly impaired in clr4A cells, we tested to what extend Cnpl distribution is affected by
heterochromatin. We examined ~100 colonies generated by genetic cross of clr4A and cells
expressing Cnp1l-GFP driven by endogenous promoter. Largely consistent with the previous
report, we found that in 80% of the colonies, Cnp1-GFP displays a single focus in clr4A cells.
Remarkably, we also observed that 20% of colonies exhibited faint Cnp1-GFP signal diffused
throughout the nucleus (Fig 6A). It is to be noted that the colonies displaying total diffusion
will adopt the single-focus phenotype when cultured in liquid rich medium (YES medium), or
maintained for generations on the plates. This suggests that the diffused Cnp1-GFP phenotype
in clr4A cells is not stable, but nonetheless these findings indicate that heterochromatin indeed
contributes to the proper localization of Cnp1.

The observation that heterochromatin is not entirely responsible for centromeric localiza-
tion of Cnpl suggests that heterochromatin works in parallel with other pathways to ensure
proper positioning of CENP-A at centromeres. Consistent with this idea, while Cnp1-GFP in
scm3-19, a ts mutant of the CENP-A chaperone Scm3/HJURP, displays centromeric localiza-
tion at the permissive temperature 23°C, we found that all colonies of the clr4A scm3-19 double
mutant that we analyzed contain more than 12% of cells displaying diffused GFP signal at the
permissive temperature (S10 Fig). Unlike in clr4A cells, the diffused phenotype of Cnp1-GFP
in the fraction of clr4A scm3-19 cells can be observed when cells are cultured on the plate and
in the liquid culture, and are persistent over generations. These observations indicate while
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Cnpl centromere association is mildly impaired in clr4A and scm3-19 single mutant cells, the
defect in the double mutant is stronger, suggesting that heterochromatin may function in par-
allel with Scm3 to protect Cnp1 from degradation.

Heterochromatin protects native Cnp1 from ubiquitin-mediated
degradation

To test whether heterochromatin affects ubiquitin-mediated Cnpl degradation as observed for
Cse4, we first examined the protein level of Cnpl in cIr4A cells. We found that Cnpl is signifi-
cantly lower in clr4A than in WT (Fig 6B). Consistent with this, we observed that after treat-
ment of cycloheximide, Cnpl level persists up to 2 hours in wild type cells, while in clr4A cells,
Cnpl is largely degraded within 1 hour, suggesting heterochromatin promotes stability of
Cnpl in fission yeast (Fig 6C). Next, we performed affinity pull-down using TUBEs with mts2-
1 strains expressing Cnp1-GFP in wild type and clr4 mutant backgrounds. Upon immunopre-
cipitation with agarose-TUBEs, we observed a minimal smearing pattern for Cnp1-GFP
expressed in wild type cells. However, in clr4A cells, we found an enhanced smearing pattern
in the high molecular mass region, indicative of polyubiquitination (Fig 6D). Similar pattern is
observed with the reverse pull-down assay (S11A and S11B Fig). These data support that het-
erochromatin structure protects native CENP-A from ubiquitin-mediated degradation.

We speculate that the peri-centrimeric heterochromatin domains may serve as a protective
environment to restrict access of proteasome machinery to centromere. This model predicts
that proteasome proteins are enriched at the centromere regions in heterochromatin-dis-
rupted cells. We examined the level of myc-tagged Mts2, the19S proteasome subunit, in cen-
tromeres by ChIP. We first confirmed that Cnpl protein level is indeed accumulated in mts2-1
cells when Mts2 function is blocked by incubation at non-permissive temperature, indicating
that the degradation of Cnpl1 requires Mts2 (Fig 7A). Our ChIP assays showed that Mts2 is
highly enriched in centromeres in clr4A cells relative to wild type (Fig 7B), demonstrating that
heterochromatin is important for preventing the association of proteasome machinery with
centromeres. We also found that the level of Mts2 is increased at pericentromere and subtelo-
meric regions in the absence of heterochromatin (S12 Fig).

Discussion

One of the most noticeable features of regional centromeres is that they are embedded in het-
erochromatin [1, 8]. Here we demonstrated that heterochromatin mediates centromere speci-
fication by preventing ubiquitin-mediated degradation of CENP-A at centromeres. Our
results reveal a previously unrecognized mechanism of heterochromatin in the regulation of
centromeres, and represent a significant advance toward our understanding of the interaction
between different chromatin domains. This work also provides insights to the dramatic evolu-
tionary transition between regional centromeres and point centromeres.

Although centromere is vital for all eukaryotic organisms studied to date, it is considered as
one of the most rapidly evolving sequences of the genome [8, 48]. CENP-A is considered as
the epigenetic mark for specifying centromeres [1-3, 49]. How CENP-A is precisely positioned
to centromere remains poorly understood. Unlike regional centromeres, budding yeast con-
tains a point centromere defined by the underlying DNA sequence [14, 15]. In this study we
expressed budding yeast CENP-A homolog Cse4 in the fission yeast, and found that despite
having vastly different N-terminus tails, Cse4 targets to centromere and can at least in part
substitute Cnp1. Previous reports have also shown that Cse4 can targets to centromeres when
expressed in human cells [50, 51]. These data suggest that the function of CENP-A is largely
conserved through evolution. Notably, overexpression of Cse4 leads to its association with
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heterochromatin, reminiscent of the behavior of overexpressed Cnp1 [37]. However, we found
that Cse4 protein level is significantly lower than that of Cnp1 expressed in the same condition.
Further experiments demonstrate that Cse4 is subject to efficient ubiquitin-mediated proteoly-
sis, which explain the low level of Cse4 in fission yeast. Cse4 in budding yeast is also strongly
regulated by ubiquitin-mediated degradation, and we speculate this which may at least par-
tially explain why overexpression of Cse4 in budding yeast leads to no obvious defects [26, 47].

We showed that deletion of N terminus of Cse4 results in increased level of Cse4 and diffuse
nuclear distribution. Our in vivo ubiquitination assays indicated that ubiquitination is much
reduced in the N-terminus-deleted Cse4. Our domain-swap experiments confirmed that N
terminus of Cse4 is largely responsible for its low protein stability. The C-terminus in Cse4 has
also been shown to be subject to ubiquitination [30, 52]. It is likely that the C-terminal domain
of Cnpl is also ubiquitinated. Since the domain is highly conserved, the terminus may have
minor contribution to the difference in expression level of the two proteins. Although both
Cse4 and Cnpl are subject to ubiquitin-mediated proteolysis, higher level of ubiquitination is
observed for Cse4. We speculate that the long N terminus tail of Cse4 may present stronger
affinity for E3 ligase, resulting in fast protein turnover rate for Cse4. Together, our results
showed that ubiquitination at N-terminus of CENP-A plays an important role in regulating its
stability, which in turn governs its proper distribution in centromeres.
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Remarkably, we found the centromeric association of Cse4 is completely disrupted when
heterochromatin and RNAi are impaired in fission yeast. In addition, we found that Cse4 is
expressed at lower level in the heterochromatin mutants relative to wild type. Cse4 in these
mutants is less stable and subject to enhanced ubiquitination. These results indicate that het-
erochromatin acts to protect Cse4 in centromeres from ubiquitin-mediated degradation. The
alternative model is that centromere targeting may be affected in clr4A, resulting in the degra-
dation of soluble pools of CENP-A that become unstable when not bound to chromatin.
Although we cannot exclude the possibility, our data do not support this model: we found that
Cse4-GFP appears diffused in the clr4A mts2-1 double mutant at the permissive temperature,
but after blocking proteasome activity at the restrictive temperature, many distinct foci of
Cse4-GFP are formed in the nucleus. The association of these Cse4-GFP foci with chromatin
in the double mutant appears stable, as shown by our in situ chromatin binding assay. Further-
more, our ChIP assays demonstrated thel9S proteasome subunit Mts2 is drastically enriched
in centromeres in the clr4A mutant.

This dramatic effect of heterochromatin on Cse4’s stability and localization is unexpected,
given that previous reports showed that Cnp1 remains associated with centromere in the
absence of heterochromatin [6, 9]. Our closer examinations showed that some clr4A colonies
indeed display faint, diffuse Cnp1-GFP signal in the nucleus, indicative of unstable association
of Cnpl with centromeres. We further found that in clr4A cells Cnp1 has reduced protein
level, faster turnover rate and higher ubiquitination, similar to Cse4 in the mutant. Hetero-
chromatin thus also protects Cnpl from ubiquitin-mediated degradation. Consistent with our
work, it has been shown that the 19S proteasome subunit Rpt3 also plays an important role in
distribution of CENP-A [53]. Nevertheless, we cannot exclude the possibility that non-proteo-
lytic functions of 19S proteasome may participate in the regulation of CENP-A positioning.

The mild Cnpl distribution defects in heterochromatin mutants suggest that redundant
pathways may be involved in preventing Cnpl degradation in centromeres. Indeed, we found
that the clr4A scm3-19 double mutant showed the synthetic defects in Cnp1-GFP distribution.
Scm3/HJURP is a conserved CENP-A chaperone that has been implicated in protecting Cse4
degradation in budding yeast [27, 54]. On the other hand, the centromere association of Cse4
in fission yeast strongly depends on heterochromatin. It is possible that exogenous Cse4 is
unable to efficiently utilize the other CENP-A protection pathway, such as Scm3, in fission
yeast. The higher turnover rate of Cse4 may also contribute to its strong dependence on het-
erochromatin protection.

The heterochromatin-mediated safeguard mechanism for centromeres may help explain the
long-standing puzzle of why centromeres are usually flanked by heterochromatin [1]. It may
also provide at least partial explanation for the observation that Cse4 can localize to centromeres
in HeLa cells [50, 51]. Previous studies have shown that overexpression of CENP-A in fission
yeast and Drosophila results in specific enrichment of CENP-A in heterochromatin [19, 35, 37].
CENP-A from budding yeast, Caenorhabditis elegans and human expressed in Drosophila is
preferentially localized at pericentromeric heterochromatin [50]. Neocentromeres are often
formed in heterochromatic regions in a variety of organisms [5, 55-60]. In an especially dra-
matic case, a heterochromatin block without native centromeres can exhibit centromere activity
in Drosophila [61]. Heterochromatin is also important for centromere localization of CENP-A
in Neurospora crassa and mouse cell lines [62, 63]. We suggest that protection of CENP-A from
degradation by heterochromatin may be a common mechanism used for centromere assembly.

How heterochromatin protects CENP-A from ubiquitin-mediated degradation remains to
be elucidated. Using a repeat-specific reporter, we recently showed that the tandem arrays at
pericentromeric heterochromatin in fission yeast are organized into a specific three-dimen-
sional architecture [7]. We propose that pericentromeric heterochromatin forms a distinct
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higher-order structure that restricts the access of ubiquitin-proteasome machinery to centro-
meres, which in turn avoids degradation of CENP-A in the region (Fig 7C). The unique spatial
architecture of pericentromeric heterochromatin may account for why CENP-A prefers this
region rather than other heterochromatin regions.

How the dramatic evolutionary transition between regional centromeres and point centro-
meres occurred is a fascinating but unsolved mystery in centromere evolution [8]. The gaining
of point centromere and the loss of heterochromatin and RNAi machinery appear to occur
concomitantly during the evolution [8]. We speculate that lacking the protection of Cse4 by
pericentromeric heterochromatin in budding yeast may contribute to the arising of small,
compact “point” centromeres and the adaptation of the centromeres to being genetically
defined. For small “point” centromeres, it is possible that the kinetochore complex and Scm3
can provide sufficient protection for centromeric Cse4 from degradation [26, 27, 32]. But large
regional centromeres may require additional mechanisms, such as peri-centromeric hetero-
chromatin, to prevent ubiquitin-mediated proteolysis of CENP-A at centromeres. We also
noted that not all neocentromeres are assembled in or near heterochromatin [64, 65], suggest-
ing that mechanisms other than heterochromatin are involved in neocentromere formation. It
will be interesting in future studies to identify these mechanisms, which may provide impor-
tant new insights into centromere specification and evolution.

Materials and methods
Strains, media, and DNA constructs

Standard media and genetic analysis for fission yeast were used [66]. Cse4, Cnpl, Cse4-NA,
and domain-swap constructs were cloned into the pREP1 vector under the nmt1 promoter in
frame with GFP. Fission yeast strains used in this study are listed in the Supporting Informa-
tion S1 Table.

in situ chromatin-binding assay

in situ chromatin-binding assays were performed as described previously [37, 67]. Briefly, log-
phase cells were collected and incubated at 32°C in ZM buffer (50 mM sodium citrate pH 5.6,
1.2 M sorbitol, 0.5 mM MgAc, 10 mM dithiothreitol, 2 mg/ml Zymolase) for 30 min. After
centrifugation, cells were then washed twice with STOP buffer (0.1 M MES pH 6.4, 1.2 M sor-
bitol, 1 mM EDTA, 0.5 mM MgAc). Cells were resuspended with EB buffer (20 mM PIPES-
potassium hydroxide, pH 6.8, 0.4 M sorbitol, 2 mM MgAc, 150 mM KAc) £1% Triton X-100
at room temperature for 7 min. Following fixation with 3.7% formaldehyde and 10% metha-
nol, cells were examined by DeltaVision imaging system.

Microscopy

Cells were imaged using the DeltaVision System (Applied Precision, Issaquah, WA). Images
were taken as z-stacks of 0.2-pm increments with an oil immersion objective (x100). Standard
DAPI staining and analysis methods for fission yeast nuclei were used.

Immunoprecipitation

Exponentially growing mts2-1 cells carrying indicated pREP1 construct were induced in mini-
mum media without thiamine. After inductions were confirmed by visualizing GFP signal
under microscope, cells were incubated in 37°C for 4-6 hrs to inactivate proteasome. Cell
lysates were prepared in 1x lysis buffer supplemented with 20 uM MG132 (Selleck Biochemi-
cals), 20 uM PR-619 (LifeSensors), 5 uM 1,10-phenanthroline (LifeSensors), 10 pM PMSF and
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protease inhibitor cocktail (Sigma-Aldrich). Cell extracts were then incubated with an anti-
GFP antibody (Santa Cruz, sc-9996) overnight at 4°C. IgG-coated magnetic beads (Thermo-
Fisher Scientific) were added, followed by incubation at 4°C for 2 hrs. After immunoprecipita-
tion, beads were washed 3 times using lysis buffer. Proteins were eluted and analyzed by
western blotting using an anti-pan-ubiquitin (Cell Signaling, P4D1) antibody.

Ubiquitin affinity pull-down assays

Ubiquitinated proteins were pulled down using Tandem Ubiquitin Binding Entities (TUBEs)
(LifeSensors) according to the manufacturer’s instructions. Briefly, protein extracts prepared
as described above were incubated with TUBE agarose or empty agarose beads overnight at
4°C. The bound proteins were eluted from washed beads and analyzed by western blotting
using an anti-GFP antibody (Santa Cruz, sc-9996).

Western blot analysis

Cell extracts from log-phase cells were prepared using standard protocols. Extracted proteins
were separated on SDS-polyacrylamide gels and blotted onto PVDF membranes. Blots were
probed with anti-GFP (Santa Cruz, sc-9996), anti-tubulin (Abcam, ab6160), or anti-pan-ubi-
quitin (Cell Signaling, P4D1) antibodies.

ChIP

ChIP assays were carried out as described [43]. Briefly, cells were grown to log phase at 30°C,
and cross-linked by treatment with 1% formaldehyde for 30 mins with gentle shaking at room
temperature. Immunoprecipitation was performed with protein A agarose (KPL) conjugated
to the anti-myc antibody (ab32, abcam) and anti-GFP antibody (ab290, abcam). Precipitated
DNA was cleaned by MiniElute PCR purification Kit (Qiagen). Two microliters of ChIP or
WCE samples were analyzed by quantitative PCR using primers specific to centromeric core
region cnt3, pericentromeric regions otr1, and sub-telomeric regions subT. act]” was used as
the control gene.

Protein stability assays

Protein stability assays were performed as described [37]. Briefly, after cells were induced in
minimum media without thiamine, cycloheximide was added to a final concentration of
100 pg/ml. Lysates from cells collected at the indicated time points were prepared, and ana-
lyzed by western blotting using anti-GFP (Santa Cruz, sc-9996) and anti-tubulin (Abcam,
ab6160) antibodies. The “0” time point refers to samples taken immediately after cyclohexi-
mide was added.

RT-PCR

RT-PCR assays were performed as described [68]. Briefly, total RNA from log-phase cells was
extracted using TRizol. After treatment with DNase I (Promega), ~50 ng of RNA were ana-
lyzed using a One-Step RT-PCR kit (Qiagen) with primers specific for GFP. actI* was used as
an internal control.

Supporting information

S1 Fig. (Related to Fig 1) ChIP qPCR showing relative enrichment of overexpressed
Cnpl-GFP in heterochromatin. Centromere: centromeric region (cnt3), Otr: peri-centro-
meric region, subT: sub-telomeric region. ChIP was repeated in triplicate. Error bar indicates
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SEM.
(TIF)

S2 Fig. (Related to Figs 1, 2, 3 and 6) Induction time for pREP1-Cse4-GFP and
PREP1-Cnpl-GFP in WT and clr4A to yield florescent signal in nearly all cells. A) The
induction time for indicated protein expression was measured in hours. B) The mRNA expres-
sion levels of the indicated genes after induction were measured by qPCR at indicated time
points. The expression levels were normalized to those measured at 20hrs time points. The
experiment was repeated four times.

(TIF)

S3 Fig. (Related to Fig 5) Distribution pattern of Cse4-GFP at the restrictive temperature.
Csed-GFP mts2-1 cells were induced for 40 hours at 23°C, then cultured for additional 4 hours
at either 23 °C or 37 °C. Scale bar: 2um.

(TIF)

S4 Fig. (Related to Fig 4) Sequence alignment of Cse4 and Cnp1. Cse4 and Cnpl shares con-
served C terminus sequence, but very different N terminus tail. Note that Cse4 N terminus tail
is much longer than Cnpl. Consensus Centromere Targeting Domain (CATD) was also
highlighted.

(TIF)

S5 Fig. (Related to Fig 4) The N-terminal domain of Cse4 is important for ubiquitin-medi-
ated Cse4 degradation in fission yeast. A, Distribution pattern of Cse4-NA-GFP after
22-hour induction. B, western blot analysis of cells expressing indicated proteins using an
anti-GFP antibody. Tubulin was used as a loading control. C, Lysates from cells expressing
indicated proteins collected at indicated time points (hrs) following the treatment with cyclo-
heximide were analyzed by western blotting with a GFP antibody. D, Extracts from cells
expressing indicated proteins were subject to immunoprecipitation with an anti-GFP anti-
body. Precipitates were analyzed by western blotting using an anti-ubiquitin antibody. NA-
GFP, Cse4-NA-GFP. Induction time for all the strains used in A-D was 24 hours.

(TIF)

S6 Fig. (Related to Fig 5) Cse4-GFP images are displayed with same exposure settings to
show the difference of signal intensities in wild type and heterochromatin mutants. A,
Fluorescent images of Cse4-GFP were processed to use exposure setting 1 or 2. In each row,
with same exposure settings signal intensity can be compared. B, Quantification of the nuclear
GFP signal intensity using exposure setting 1. n = 17. Error bar: SEM.

(TIF)

S7 Fig. (Related to Fig 5) Cse4-GFP stability is decreased when heterochromatin is
impaired. Lysates from cells expressing indicated proteins collected at indicated time points
(hrs) following the treatment with cycloheximide were analyzed by western blotting with an
GFP antibody. Induction time prior the cycloheximide treatment was 24 hours for Cse4-GFP
and 28 hours for Cse4-GFP clr4A.

(TIF)

S8 Fig. (Related to Fig 5) Ubiquitination level of Cse4-GFP is significantly enhanced in
clr4A and dcr1A mutant. Extracts from indicated cells expressing Cse4-GFP were subject to
immunoprecipitation with an anti-GFP antibody. Precipitates were analyzed by western blot-
ting using an anti-ubiquitin antibody. See Fig 5E and 5F for the input.

(TIF)
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S9 Fig. (Related to Fig 5) Heterochromatin protects Cse4 from ubiquitin-mediated degra-
dation. A, Cse4 level in c/r4A mutant is increased after proteasome inactivation. Cells overex-
pressing Cse4-GFP in the clr4A mts2-1 double mutant and the single clr4A mutant as a control
were incubated at 37°C for 4 hours, and were subject to western blot analysis using an anti-
GFP antibody. Prior to 37 °C culture, expressions of Cse4-GFP were induced for 44 hours at
23 °C. Tubulin was used as a loading control. B, in situ chromatin-binding assay for the clr4A
mts2-1 double mutant cells overexpressing Cse4-GFP. The mutant cells were induced for 44
hours, and then incubated at 37°C for 4 hours before being collected. After washing with Tri-
ton X-100, multiple Cse4-GFP foci remained in the nucleus, indicating that Cse4-GFP associ-
ates with chromatin.

(TIF)

S10 Fig. (Related to Fig 6) Distribution pattern of Cnp1-GFP in the scm3-19 clr4A double
mutant at 23°C. Cnp1-GFP was expressed under the control of its native promoter (integrated
in the ade6 locus). The scm3-19 mutant expressing Cnpl-GFP at 23°C was used as control.
The percentage of cells exhibiting diffuse GFP pattern is indicated at the right.

(TIF)

S11 Fig. (Related to Fig 6) Ubiquitination level of Cnp1-GFP is significantly enhanced in
clr4A mutant. A. Extracts from indicated cells expressing Cnp1-GFP were subject to immuno-
precipitation with an anti-GFP antibody. Precipitates were analyzed by western blotting using
an anti-ubiquitin antibody. See Fig 6D for the input. B. A biological replicate of the pull down
experiment.

(TIF)

S12 Fig. (Related to Fig 7) Mst2 is increased in pericentromeric and sub-telomeric regions
in clr4A. ChIP assays were conducted with indicated cells expressing Mts2-myc using an anti-
myc antibody. Data from ChIP with the myc antibody were normalized against those from
IgG mock ChIP. otr, pericentromeric region, subT, sub-telomeric region. n = 3, error bar rep-
resents SEM. *, p<0.01.

(TIF)

S1 Table. Strains used in this study.
(DOCX)

S2 Table. Primers used in this study.
(DOCX)

Acknowledgments

We thank A. Hochwagen, the Japan Yeast Genetic Resource Center, and M. Yanagida for pro-
viding DNA samples and strains, and S. Ercan for critical reading of the manuscript.

Author Contributions
Conceptualization: Jinpu Yang, Fei Li.

Investigation: Jinpu Yang, Siyu Sun, Shu Zhang, Marlyn Gonzalez, Qianhua Dong, Zhong-
xuan Chi, Yu-hang Chen.

Writing - original draft: Jinpu Yang, Fei Li.

Writing - review & editing: Jinpu Yang, Fei Li.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007572  August 8, 2018 18/22


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007572.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007572.s010
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007572.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007572.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007572.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007572.s014
https://doi.org/10.1371/journal.pgen.1007572

@'PLOS | GENETICS

Heterochromatin protects CENP-A from ubiquitin-mediated degradation

References

1.

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

Alishire RC, Karpen GH. Epigenetic regulation of centromeric chromatin: old dogs, new tricks? Nat Rev
Genet. 2008; 9(12):923-37. Epub 2008/11/13. https://doi.org/10.1038/nrg2466 [pii]. PMID: 19002142;
PubMed Central PMCID: PMC2586333.

Black BE, Jansen LE, Foltz DR, Cleveland DW. Centromere identity, function, and epigenetic propaga-
tion across cell divisions. Cold Spring Harb Symp Quant Biol. 2010; 75:403—18. https://doi.org/10.1101/
sgb.2010.75.038 PMID: 21467140; PubMed Central PMCID: PMC3140419.

Kursel LE, Malik HS. Centromeres. Curr Biol. 2016; 26(12):R487-90. https://doi.org/10.1016/j.cub.
2016.05.031 PMID: 27326706.

Le HD, Donaldson KM, Cook KR, Karpen GH. A high proportion of genes involved in position effect var-
iegation also affect chromosome inheritance. Chromosoma. 2004; 112(6):269-76. https://doi.org/10.
1007/s00412-003-0272-2 PMID: 14767778; PubMed Central PMCID: PMC3116012.

Ishii K, Ogiyama Y, Chikashige Y, Soejima S, Masuda F, Kakuma T, et al. Heterochromatin integrity
affects chromosome reorganization after centromere dysfunction. Science. 2008; 321(5892):1088-91.
Epub 2008/08/23. 321/5892/1088 [pii] https://doi.org/10.1126/science.1158699 PMID: 18719285.

Folco HD, Pidoux AL, Urano T, Allshire RC. Heterochromatin and RNAi are required to establish
CENP-A chromatin at centromeres. Science. 2008; 319(5859):94—7. Epub 2008/01/05. https://doi.org/
10.1126/science.1150944 319/5859/94 [pii]. PMID: 18174443; PubMed Central PMCID: PMC2586718.

He H, Zhang S, Wang D, Hochwagen A, Li F. Condensin Promotes Position Effects within Tandem
DNA Repeats via the RITS Complex. Cell Rep. 2016; 14(5):1018-24. https://doi.org/10.1016/j.celrep.
2016.01.006 PMID: 268324 14; PubMed Central PMCID: PMCPMC4749453.

Malik HS, Henikoff S. Major evolutionary transitions in centromere complexity. Cell. 2009; 138(6):1067—
82. https://doi.org/10.1016/j.cell.2009.08.036 PMID: 19766562.

Kagansky A, Folco HD, Aimeida R, Pidoux AL, Boukaba A, Simmer F, et al. Synthetic heterochromatin
bypasses RNAi and centromeric repeats to establish functional centromeres. Science. 2009; 324
(5935):1716-9. https://doi.org/10.1126/science.1172026 PMID: 19556509; PubMed Central PMCID:
PMC2949999.

McKinley KL, Cheeseman IM. The molecular basis for centromere identity and function. Nat Rev Mol
Cell Biol. 2016; 17(1):16-29. https://doi.org/10.1038/nrm.2015.5 PMID: 26601620.

Black BE, Jansen LE, Maddox PS, Foltz DR, Desai AB, Shah JV, et al. Centromere identity maintained
by nucleosomes assembled with histone H3 containing the CENP-A targeting domain. Mol Cell. 2007;
25(2):309-22. https://doi.org/10.1016/j.molcel.2006.12.018 PMID: 17244537.

Fukagawa T, Earnshaw WC. The centromere: chromatin foundation for the kinetochore machinery.
Dev Cell. 2014; 30(5):496-508. Epub 2014/09/10. https://doi.org/10.1016/j.devcel.2014.08.016 S1534-
5807(14)00546-2 [pii]. PMID: 25203206; PubMed Central PMCID: PMC4160344.

Cooper JL, Henikoff S. Adaptive evolution of the histone fold domain in centromeric histones. Mol Biol
Evol. 2004; 21(9):1712-8. https://doi.org/10.1093/molbev/msh179 PMID: 15175412.

Cottarel G, Shero JH, Hieter P, Hegemann JH. A 125-base-pair CEN6 DNA fragment is sufficient for
complete meiotic and mitotic centromere functions in Saccharomyces cerevisiae. Mol Cell Biol. 1989; 9
(8):3342-9. Epub 1989/08/01. PMID: 2552293; PubMed Central PMCID: PMC362379.

Biggins S. The composition, functions, and regulation of the budding yeast kinetochore. Genetics.
2013; 194(4):817-46. Epub 2013/08/03. https://doi.org/10.1534/genetics.112.145276 194/4/817 [pii].
PubMed Central PMCID: PMC3730914. PMID: 23908374

Aravind L, Watanabe H, Lipman DJ, Koonin EV. Lineage-specific loss and divergence of functionally
linked genes in eukaryotes. Proc Natl Acad Sci U S A. 2000; 97(21):11319-24. https://doi.org/10.1073/
pnas.200346997 PMID: 11016957; PubMed Central PMCID: PMCPMC17198.

Drinnenberg IA, Weinberg DE, Xie KT, Mower JP, Wolfe KH, Fink GR, et al. RNAi in budding yeast. Sci-
ence. 2009; 326(5952):544-50. https://doi.org/10.1126/science.1176945 PMID: 19745116; PubMed
Central PMCID: PMCPMC3786161.

Heun P, Erhardt S, Blower MD, Weiss S, Skora AD, Karpen GH. Mislocalization of the Drosophila cen-
tromere-specific histone CID promotes formation of functional ectopic kinetochores. Dev Cell. 2006; 10
(3):303—15. Epub 2006/03/07. S1534-5807(06)00060-8 [pii] https://doi.org/10.1016/j.devcel.2006.01.
014 PMID: 16516834; PubMed Central PMCID: PMC3192491.

Olszak AM, van Essen D, Pereira AJ, Diehl S, Manke T, Maiato H, et al. Heterochromatin boundaries
are hotspots for de novo kinetochore formation. Nat Cell Biol. 2011; 13(7):799-808. https://doi.org/10.
1038/ncb2272 PMID: 21685892.

AuWC, Crisp MJ, DeLuca SZ, Rando OJ, Basrai MA. Altered dosage and mislocalization of histone H3
and Cse4p lead to chromosome loss in Saccharomyces cerevisiae. Genetics. 2008; 179(1):263-75.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007572  August 8, 2018 19/22


https://doi.org/10.1038/nrg2466
http://www.ncbi.nlm.nih.gov/pubmed/19002142
https://doi.org/10.1101/sqb.2010.75.038
https://doi.org/10.1101/sqb.2010.75.038
http://www.ncbi.nlm.nih.gov/pubmed/21467140
https://doi.org/10.1016/j.cub.2016.05.031
https://doi.org/10.1016/j.cub.2016.05.031
http://www.ncbi.nlm.nih.gov/pubmed/27326706
https://doi.org/10.1007/s00412-003-0272-2
https://doi.org/10.1007/s00412-003-0272-2
http://www.ncbi.nlm.nih.gov/pubmed/14767778
https://doi.org/10.1126/science.1158699
http://www.ncbi.nlm.nih.gov/pubmed/18719285
https://doi.org/10.1126/science.1150944
https://doi.org/10.1126/science.1150944
http://www.ncbi.nlm.nih.gov/pubmed/18174443
https://doi.org/10.1016/j.celrep.2016.01.006
https://doi.org/10.1016/j.celrep.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26832414
https://doi.org/10.1016/j.cell.2009.08.036
http://www.ncbi.nlm.nih.gov/pubmed/19766562
https://doi.org/10.1126/science.1172026
http://www.ncbi.nlm.nih.gov/pubmed/19556509
https://doi.org/10.1038/nrm.2015.5
http://www.ncbi.nlm.nih.gov/pubmed/26601620
https://doi.org/10.1016/j.molcel.2006.12.018
http://www.ncbi.nlm.nih.gov/pubmed/17244537
https://doi.org/10.1016/j.devcel.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25203206
https://doi.org/10.1093/molbev/msh179
http://www.ncbi.nlm.nih.gov/pubmed/15175412
http://www.ncbi.nlm.nih.gov/pubmed/2552293
https://doi.org/10.1534/genetics.112.145276
http://www.ncbi.nlm.nih.gov/pubmed/23908374
https://doi.org/10.1073/pnas.200346997
https://doi.org/10.1073/pnas.200346997
http://www.ncbi.nlm.nih.gov/pubmed/11016957
https://doi.org/10.1126/science.1176945
http://www.ncbi.nlm.nih.gov/pubmed/19745116
https://doi.org/10.1016/j.devcel.2006.01.014
https://doi.org/10.1016/j.devcel.2006.01.014
http://www.ncbi.nlm.nih.gov/pubmed/16516834
https://doi.org/10.1038/ncb2272
https://doi.org/10.1038/ncb2272
http://www.ncbi.nlm.nih.gov/pubmed/21685892
https://doi.org/10.1371/journal.pgen.1007572

@'PLOS | GENETICS

Heterochromatin protects CENP-A from ubiquitin-mediated degradation

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

https://doi.org/10.1534/genetics.108.088518 PMID: 18458100; PubMed Central PMCID:
PMCPMC2390605.

Shrestha RL, Ahn GS, Staples MI, Sathyan KM, Karpova TS, Foltz DR, et al. Mislocalization of centro-
meric histone H3 variant CENP-A contributes to chromosomal instability (CIN) in human cells. Oncotar-
get. 2017; 8(29):46781-800. https://doi.org/10.18632/oncotarget. 18108 PMID: 28596481; PubMed
Central PMCID: PMCPMC5564523.

Zhang W, Mao JH, Zhu W, Jain AK, Liu K, Brown JB, et al. Centromere and kinetochore gene misex-
pression predicts cancer patient survival and response to radiotherapy and chemotherapy. Nat Com-
mun. 2016; 7:12619. https://doi.org/10.1038/ncomms12619 PMID: 27577169; PubMed Central
PMCID: PMCPMC5013662 PCT/US15/31413 entitled 'Centromere/Kinetochore protein genes for can-
cer diagnosis, prognosis and treatment selection’. The remaining authors declare no competing finan-
cial interests.

Tomonaga T, Matsushita K, Yamaguchi S, Oohashi T, Shimada H, Ochiai T, et al. Overexpression and
mistargeting of centromere protein-A in human primary colorectal cancer. Cancer research. 2003; 63
(13):3511-6. PMID: 12839935.

Amato A, Schillaci T, Lentini L, Di Leonardo A. CENPA overexpression promotes genome instability in
pRb-depleted human cells. Mol Cancer. 2009; 8:119. https://doi.org/10.1186/1476-4598-8-119 PMID:
20003272; PubMed Central PMCID: PMCPMC2797498.

Scott KC, Sullivan BA. Neocentromeres: a place for everything and everything in its place. Trends
Genet. 2014; 30(2):66-74. Epub 2013/12/18. https://doi.org/10.1016/j.tig.2013.11.003 S0168-9525(13)
00194-7 [pii]. PMID: 24342629; PubMed Central PMCID: PMC3913482.

Collins KA, Furuyama S, Biggins S. Proteolysis contributes to the exclusive centromere localization of
the yeast Cse4/CENP-A histone H3 variant. Curr Biol. 2004; 14(21):1968—72. Epub 2004/11/09.
S0960982204008334 [pii] https://doi.org/10.1016/j.cub.2004.10.024 PMID: 15530401.

Hewawasam G, Shivaraju M, Mattingly M, Venkatesh S, Martin-Brown S, Florens L, et al. Psh1 is an E3
ubiquitin ligase that targets the centromeric histone variant Cse4. Mol Cell. 2010; 40(3):444-54. Epub
2010/11/13. https://doi.org/10.1016/j.molcel.2010.10.014 [pii]. PMID: 21070970; PubMed Central
PMCID: PMC2998187.

Moreno-Moreno O, Torras-Llort M, Azorin F. Proteolysis restricts localization of CID, the centromere-
specific histone H3 variant of Drosophila, to centromeres. Nucleic Acids Res. 2006; 34(21):6247-55.
Epub 2006/11/09. gkl902 [pii] https://doi.org/10.1093/nar/gkl902 PMID: 17090596; PubMed Central
PMCID: PMC1693906.

Au WC, Dawson AR, Rawson DW, Taylor SB, Baker RE, Basrai MA. A novel role of the N terminus of
budding yeast histone H3 variant Cse4 in ubiquitin-mediated proteolysis. Genetics. 2013; 194(2):513—
8. https://doi.org/10.1534/genetics.113.149898 PMID: 23525333; PubMed Central PMCID:
PMC3664860.

Ranjitkar P, Press MO, Yi X, Baker R, MacCoss MJ, Biggins S. An E3 ubiquitin ligase prevents ectopic
localization of the centromeric histone H3 variant via the centromere targeting domain. Mol Cell. 2010;
40(3):455—-64. Epub 2010/11/13. https://doi.org/10.1016/j.molcel.2010.09.025 [pii]. PMID: 21070971;
PubMed Central PMCID: PMC2995698.

Deyter GM, Biggins S. The FACT complex interacts with the E3 ubiquitin ligase Psh1 to prevent ectopic
localization of CENP-A. Genes Dev. 2014; 28(16):1815-26. Epub 2014/08/17. https://doi.org/10.1101/
gad.243113.114 [pii]. PMID: 25128498; PubMed Central PMCID: PMC4197964.

Mishra PK, Guo J, Dittman LE, Haase J, Yeh E, Bloom K, et al. Pat1 protects centromere-specific his-
tone H3 variant Cse4 from Psh1-mediated ubiquitination. Mol Biol Cell. 2015; 26(11):2067-79. https:/
doi.org/10.1091/mbc.E14-08-1335 PMID: 25833709; PubMed Central PMCID: PMCPMC4472017.

Thakur J, Sanyal K. A coordinated interdependent protein circuitry stabilizes the kinetochore ensemble
to protect CENP-A in the human pathogenic yeast Candida albicans. PLoS Genet. 2012; 8(4):
e€1002661. https://doi.org/10.1371/journal.pgen.1002661 PMID: 22536162; PubMed Central PMCID:
PMCPMC3334883.

Dong Q, Yin FX, Gao F, Shen Y, Zhang F, Li Y, et al. Ccp1 Homodimer Mediates Chromatin Integrity by
Antagonizing CENP-A Loading. Mol Cell. 2016; 64(1):79-91. https://doi.org/10.1016/j.molcel.2016.08.
022 PMID: 27666591; PubMed Central PMCID: PMCPMC5055466.

Castillo AG, Pidoux AL, Catania S, Durand-Dubief M, Choi ES, Hamilton G, et al. Telomeric repeats
facilitate CENP-A(Cnp1) incorporation via telomere binding proteins. PLoS One. 2013; 8(7):€69673.
Epub 2013/08/13. https://doi.org/10.1371/journal.pone.0069673 PONE-D-13-18096 [pii]. PMID:
23936074; PubMed Central PMCID: PMC3729655.

Choi ES, Stralfors A, Catania S, Castillo AG, Svensson JP, Pidoux AL, et al. Factors that promote H3
chromatin integrity during transcription prevent promiscuous deposition of CENP-A(Cnp1) in fission

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007572  August 8, 2018 20/22


https://doi.org/10.1534/genetics.108.088518
http://www.ncbi.nlm.nih.gov/pubmed/18458100
https://doi.org/10.18632/oncotarget.18108
http://www.ncbi.nlm.nih.gov/pubmed/28596481
https://doi.org/10.1038/ncomms12619
http://www.ncbi.nlm.nih.gov/pubmed/27577169
http://www.ncbi.nlm.nih.gov/pubmed/12839935
https://doi.org/10.1186/1476-4598-8-119
http://www.ncbi.nlm.nih.gov/pubmed/20003272
https://doi.org/10.1016/j.tig.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24342629
https://doi.org/10.1016/j.cub.2004.10.024
http://www.ncbi.nlm.nih.gov/pubmed/15530401
https://doi.org/10.1016/j.molcel.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21070970
https://doi.org/10.1093/nar/gkl902
http://www.ncbi.nlm.nih.gov/pubmed/17090596
https://doi.org/10.1534/genetics.113.149898
http://www.ncbi.nlm.nih.gov/pubmed/23525333
https://doi.org/10.1016/j.molcel.2010.09.025
http://www.ncbi.nlm.nih.gov/pubmed/21070971
https://doi.org/10.1101/gad.243113.114
https://doi.org/10.1101/gad.243113.114
http://www.ncbi.nlm.nih.gov/pubmed/25128498
https://doi.org/10.1091/mbc.E14-08-1335
https://doi.org/10.1091/mbc.E14-08-1335
http://www.ncbi.nlm.nih.gov/pubmed/25833709
https://doi.org/10.1371/journal.pgen.1002661
http://www.ncbi.nlm.nih.gov/pubmed/22536162
https://doi.org/10.1016/j.molcel.2016.08.022
https://doi.org/10.1016/j.molcel.2016.08.022
http://www.ncbi.nlm.nih.gov/pubmed/27666591
https://doi.org/10.1371/journal.pone.0069673
http://www.ncbi.nlm.nih.gov/pubmed/23936074
https://doi.org/10.1371/journal.pgen.1007572

@'PLOS | GENETICS

Heterochromatin protects CENP-A from ubiquitin-mediated degradation

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

yeast. PLoS Genet. 2012; 8(9):e1002985. Epub 2012/10/03. https://doi.org/10.1371/journal.pgen.
1002985 PGENETICS-D-11-02650 [pii]. PMID: 23028377; PubMed Central PMCID: PMC3447972.

Gonzalez M, He H, Dong Q, Sun S, Li F. Ectopic Centromere Nucleation by CENP-A in Fission Yeast.
Genetics. 2014; 198(4):1433—46. Epub 2014/10/10. https://doi.org/10.1534/genetics. 114.171173
genetics.114.171173 [pii]. PMID: 25298518; PubMed Central PMCID: PMC4256763.

Tatebe H, Yanagida M. Cut8, essential for anaphase, controls localization of 26S proteasome, facilitat-
ing destruction of cyclin and Cut2. Curr Biol. 2000; 10(21):1329-38. PMID: 11084332.

Takeda K, Yanagida M. Regulation of nuclear proteasome by Rhp6/Ubc2 through ubiquitination and
destruction of the sensor and anchor Cut8. Cell. 2005; 122(3):393-405. https://doi.org/10.1016/j.cell.
2005.05.023 PMID: 16096059.

Wilkinson CRM, Wallace M, Morphew M, Perry P, Allshire R, Javerzat J-P, et al. Localization of the 26S
proteasome during mitosis and meiosis in fission yeast. The EMBO journal. 1998; 17(22):6465-76.
https://doi.org/10.1093/emboj/17.22.6465 PMID: 9822592

Volpe T, Martienssen RA. RNA interference and heterochromatin assembly. Cold Spring Harb Perspect
Biol. 2011; 3(9):a003731. https://doi.org/10.1101/cshperspect.a003731 PMID: 21441597; PubMed
Central PMCID: PMC3181039.

Gonzalez M, Li F. DNA replication, RNAi and epigenetic inheritance. Epigenetics. 2012; 7(1):14-9.
https://doi.org/10.4161/epi.7.1.18545 PMID: 22207359; PubMed Central PMCID: PMCPMC3329497.

He H, LiY, Dong Q, Chang AY, Gao F, Chi Z, et al. Coordinated regulation of heterochromatin inheri-
tance by Dpb3-Dpb4 complex. Proc Natl Acad Sci U S A. 2017; 114(47):12524-9. https://doi.org/10.
1073/pnas.1712961114 PMID: 29109278; PubMed Central PMCID: PMCPMC5703312.

Li F, Goto DB, Zaratiegui M, Tang X, Martienssen R, Cande WZ. Two novel proteins, dos1 and dos2,
interact with rik1 to regulate heterochromatic RNA interference and histone modification. Curr Biol.
2005; 15(16):1448-57. https://doi.org/10.1016/j.cub.2005.07.021 PMID: 16040243.

Horn PJ, Bastie JN, Peterson CL. A Rik1-associated, cullin-dependent E3 ubiquitin ligase is essential
for heterochromatin formation. Genes Dev. 2005; 19(14):1705—14. https://doi.org/10.1101/gad.
1328005 PMID: 16024659; PubMed Central PMCID: PMCPMC1176008.

Li F, Martienssen R, Cande WZ. Coordination of DNA replication and histone modification by the Rik1-
Dos2 complex. Nature. 2011; 475(7355):244—8. Epub 2011/07/05. https://doi.org/10.1038/nature 10161
[pii]. PMID: 21725325; PubMed Central PMCID: PMC3163161.

Crotti LB, Basrai MA. Functional roles for evolutionarily conserved Spt4p at centromeres and hetero-
chromatin in Saccharomyces cerevisiae. EMBO J. 2004; 23(8):1804—14. https://doi.org/10.1038/s;.
emboj.7600161 PMID: 15057281; PubMed Central PMCID: PMC394231.

Henikoff S, Ahmad K, Malik HS. The centromere paradox: stable inheritance with rapidly evolving DNA.
Science. 2001; 293(5532):1098-102. https://doi.org/10.1126/science.1062939 PMID: 11498581.

Fachinetti D, Folco HD, Nechemia-Arbely Y, Valente LP, Nguyen K, Wong AJ, et al. A two-step mecha-
nism for epigenetic specification of centromere identity and function. Nat Cell Biol. 2013; 15(9):1056—
66. https://doi.org/10.1038/ncb2805 PMID: 23873148; PubMed Central PMCID: PMCPMC4418506.

Henikoff S, Ahmad K, Platero JS, van Steensel B. Heterochromatic deposition of centromeric histone
H3-like proteins. Proc Natl Acad Sci U S A. 2000; 97(2):716—21. PMID: 10639145; PubMed Central
PMCID: PMCPMC15396.

Wieland G, Orthaus S, Ohndorf S, Diekmann S, Hemmerich P. Functional complementation of human
centromere protein A (CENP-A) by Cse4p from Saccharomyces cerevisiae. Mol Cell Biol. 2004; 24
(15):6620-30. https://doi.org/10.1128/MCB.24.15.6620-6630.2004 PMID: 15254229; PubMed Central
PMCID: PMC444843.

Hewawasam G, Shivaraju M, Mattingly M, Venkatesh S, Martin-Brown S, Florens L, et al. Psh1 Isan E3
Ubiquitin Ligase that Targets the Centromeric Histone Variant Cse4. Molecular Cell. 40(3):444-54.
https://doi.org/10.1016/j.molcel.2010.10.014 PMID: 21070970

Kitagawa T, Ishii K, Takeda K, Matsumoto T. The 19S proteasome subunit Rpt3 regulates distribution
of CENP-A by associating with centromeric chromatin. Nat Commun. 2014; 5:3597. https://doi.org/10.
1038/ncomms4597 PMID: 24710126.

Bassett EA, DeNizio J, Barnhart-Dailey MC, Panchenko T, Sekulic N, Rogers DJ, et al. HHURP uses
distinct CENP-A surfaces to recognize and to stabilize CENP-A/histone H4 for centromere assembly.
Dev Cell. 2012; 22(4):749-62. https://doi.org/10.1016/j.devcel.2012.02.001 PMID: 22406139; PubMed
Central PMCID: PMCPMC3353549.

Lomiento M, Jiang Z, D’Addabbo P, Eichler EE, Rocchi M. Evolutionary-new centromeres preferentially
emerge within gene deserts. Genome Biol. 2008; 9(12):R173. https://doi.org/10.1186/gb-2008-9-12-
r173 PMID: 19087244; PubMed Central PMCID: PMCPMC2646277.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007572  August 8, 2018 21/22


https://doi.org/10.1371/journal.pgen.1002985
https://doi.org/10.1371/journal.pgen.1002985
http://www.ncbi.nlm.nih.gov/pubmed/23028377
https://doi.org/10.1534/genetics.114.171173
http://www.ncbi.nlm.nih.gov/pubmed/25298518
http://www.ncbi.nlm.nih.gov/pubmed/11084332
https://doi.org/10.1016/j.cell.2005.05.023
https://doi.org/10.1016/j.cell.2005.05.023
http://www.ncbi.nlm.nih.gov/pubmed/16096059
https://doi.org/10.1093/emboj/17.22.6465
http://www.ncbi.nlm.nih.gov/pubmed/9822592
https://doi.org/10.1101/cshperspect.a003731
http://www.ncbi.nlm.nih.gov/pubmed/21441597
https://doi.org/10.4161/epi.7.1.18545
http://www.ncbi.nlm.nih.gov/pubmed/22207359
https://doi.org/10.1073/pnas.1712961114
https://doi.org/10.1073/pnas.1712961114
http://www.ncbi.nlm.nih.gov/pubmed/29109278
https://doi.org/10.1016/j.cub.2005.07.021
http://www.ncbi.nlm.nih.gov/pubmed/16040243
https://doi.org/10.1101/gad.1328005
https://doi.org/10.1101/gad.1328005
http://www.ncbi.nlm.nih.gov/pubmed/16024659
https://doi.org/10.1038/nature10161
http://www.ncbi.nlm.nih.gov/pubmed/21725325
https://doi.org/10.1038/sj.emboj.7600161
https://doi.org/10.1038/sj.emboj.7600161
http://www.ncbi.nlm.nih.gov/pubmed/15057281
https://doi.org/10.1126/science.1062939
http://www.ncbi.nlm.nih.gov/pubmed/11498581
https://doi.org/10.1038/ncb2805
http://www.ncbi.nlm.nih.gov/pubmed/23873148
http://www.ncbi.nlm.nih.gov/pubmed/10639145
https://doi.org/10.1128/MCB.24.15.6620-6630.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254229
https://doi.org/10.1016/j.molcel.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21070970
https://doi.org/10.1038/ncomms4597
https://doi.org/10.1038/ncomms4597
http://www.ncbi.nlm.nih.gov/pubmed/24710126
https://doi.org/10.1016/j.devcel.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22406139
https://doi.org/10.1186/gb-2008-9-12-r173
https://doi.org/10.1186/gb-2008-9-12-r173
http://www.ncbi.nlm.nih.gov/pubmed/19087244
https://doi.org/10.1371/journal.pgen.1007572

@'PLOS | GENETICS

Heterochromatin protects CENP-A from ubiquitin-mediated degradation

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Dawe RK, Hiatt EN. Plant neocentromeres: fast, focused, and driven. Chromosome research: an inter-
national journal on the molecular, supramolecular and evolutionary aspects of chromosome biology.
2004; 12(6):655—-69. https://doi.org/10.1023/B:CHRO.0000036607.74671.db PMID: 15289670.

Cardone MF, Lomiento M, Teti MG, Misceo D, Roberto R, Capozzi O, et al. Evolutionary history of chro-
mosome 11 featuring four distinct centromere repositioning events in Catarrhini. Genomics. 2007; 90
(1):35—43. https://doi.org/10.1016/j.ygeno.2007.01.007 PMID: 17490852.

Manzanero S, Puertas MJ. Rye terminal neocentromeres: characterisation of the underlying DNA and
chromatin structure. Chromosoma. 2003; 111(6):408—15. https://doi.org/10.1007/s00412-002-0224-2
PMID: 12644955.

Amor DJ, Choo KH. Neocentromeres: role in human disease, evolution, and centromere study. Ameri-
can journal of human genetics. 2002; 71(4):695-714. https://doi.org/10.1086/342730 PMID: 12196915;
PubMed Central PMCID: PMC378529.

SuH, LiuY, Liu YX, Lv Z, LiH, Xie S, et al. Dynamic chromatin changes associated with de novo centro-
mere formation in maize euchromatin. The Plant journal: for cell and molecular biology. 2016; 88
(5):854—66. https://doi.org/10.1111/tpj. 13305 PMID: 27531446.

Platero JS, Ahmad K, Henikoff S. A distal heterochromatic block displays centromeric activity when
detached from a natural centromere. Mol Cell. 1999; 4(6):995-1004. PMID: 10635324.

Smith KM, Phatale PA, Sullivan CM, Pomraning KR, Freitag M. Heterochromatin is required for normal
distribution of Neurospora crassa CenH3. Mol Cell Biol. 2011; 31(12):2528-42. Epub 2011/04/21.
https://doi.org/10.1128/MCB.01285-10 MCB.01285-10 [pii]. PMID: 21505064; PubMed Central PMCID:
PMC3133421.

Boyarchuk E, Filipescu D, Vassias I, Cantaloube S, Aimouzni G. The histone variant composition of
centromeres is controlled by the pericentric heterochromatin state during the cell cycle. J Cell Sci. 2014;
127(Pt 15):3347-59. Epub 2014/06/08. https://doi.org/10.1242/jcs. 148189 jcs.148189 [pii]. PMID:
24906798.

Marshall OJ, Chueh AC, Wong LH, Choo KH. Neocentromeres: new insights into centromere structure,
disease development, and karyotype evolution. American journal of human genetics. 2008; 82(2):261—
82. https://doi.org/10.1016/j.ajhg.2007.11.009 PMID: 18252209; PubMed Central PMCID:
PMCPMC2427194.

Yuen KW, Nabeshima K, Oegema K, Desai A. Rapid de novo centromere formation occurs indepen-
dently of heterochromatin protein 1 in C. elegans embryos. Curr Biol. 2011; 21(21):1800-7. https://doi.
org/10.1016/j.cub.2011.09.016 PMID: 22018540; PubMed Central PMCID: PMCPMC3249440.

Moreno S, Klar A, Nurse P. Molecular genetic analysis of fission yeast Schizosaccharomyces pombe.
Methods Enzymol. 1991; 194:795-823. Epub 1991/01/01. PMID: 2005825.

Yang J, Li F. In Situ Chromatin-Binding Assay Using Epifluorescent Microscopy in S. pombe. Methods
Mol Biol. 2018; 1721:155-65. https://doi.org/10.1007/978-1-4939-7546-4_14 PMID: 29423855.

Gonzalez M, He H, Sun S, Li C, Li F. Cell cycle-dependent deposition of CENP-A requires the Dos1/2-
Cdc20 complex. Proc Natl Acad Sci U S A. 2013; 110(2):606—11. Epub 2012/12/26. https://doi.org/10.
1073/pnas.1214874110 1214874110 [pii]. PMID: 23267073; PubMed Central PMCID: PMC3545758.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007572  August 8, 2018 22/22


https://doi.org/10.1023/B:CHRO.0000036607.74671.db
http://www.ncbi.nlm.nih.gov/pubmed/15289670
https://doi.org/10.1016/j.ygeno.2007.01.007
http://www.ncbi.nlm.nih.gov/pubmed/17490852
https://doi.org/10.1007/s00412-002-0224-2
http://www.ncbi.nlm.nih.gov/pubmed/12644955
https://doi.org/10.1086/342730
http://www.ncbi.nlm.nih.gov/pubmed/12196915
https://doi.org/10.1111/tpj.13305
http://www.ncbi.nlm.nih.gov/pubmed/27531446
http://www.ncbi.nlm.nih.gov/pubmed/10635324
https://doi.org/10.1128/MCB.01285-10
http://www.ncbi.nlm.nih.gov/pubmed/21505064
https://doi.org/10.1242/jcs.148189
http://www.ncbi.nlm.nih.gov/pubmed/24906798
https://doi.org/10.1016/j.ajhg.2007.11.009
http://www.ncbi.nlm.nih.gov/pubmed/18252209
https://doi.org/10.1016/j.cub.2011.09.016
https://doi.org/10.1016/j.cub.2011.09.016
http://www.ncbi.nlm.nih.gov/pubmed/22018540
http://www.ncbi.nlm.nih.gov/pubmed/2005825
https://doi.org/10.1007/978-1-4939-7546-4_14
http://www.ncbi.nlm.nih.gov/pubmed/29423855
https://doi.org/10.1073/pnas.1214874110
https://doi.org/10.1073/pnas.1214874110
http://www.ncbi.nlm.nih.gov/pubmed/23267073
https://doi.org/10.1371/journal.pgen.1007572

