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Abstract

At the core of chromosome segregation is the centromere, which nucleates the assembly of a
macromolecular kinetochore (centromere DNA and associated proteins) complex responsible for
mediating spindle attachment. Recent advances in centromere research have led to identification of
many kinetochore components, such as the centromeric-specific histone H3 variant, CenH3, and
its interacting partner, Scm3. Both are essential for chromosome segregation and are evolutionarily
conserved from yeast to humans. CenH3 is proposed to be the epigenetic mark that specifies
centromeric identity. Molecular mechanisms that regulate the assembly of kinetochores at specific
chromosomal sites to mediate chromosome segregation are not fully understood. In this review, we
summarize the current literature and discuss results from our laboratory, which show that
restricting the localization of budding yeast CenH3, Cse4, to centromeres and balanced
stoichiometry between Scm3 and Cse4, contribute to faithful chromosome transmission. We
highlight our findings that, similar to other eukaryotic centromeres, budding yeast centromeric
histone H4 is hypoacetylated, and we discuss how altered histone acetylation affects chromosome
segregation. This article is part of a Special Issue entitled: Chromatin in time and space.
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1. Introduction

The accurate segregation of chromosomes relies on the correct temporal and spatial
attachment of chromosomes to the spindle apparatus. The centromere (CEN) serves as the
chromosomal location on which the kinetochore (CEN DNA and associated proteins) is
assembled. The kinetochore is a mega-Dalton macromolecular complex that helps maintain
cohesion between sister chromatids in the vicinity of CEN DNA, and mediates the
attachment of chromosomes to the mitotic spindle and their subsequent movement to the
spindle poles [1]. In addition to the kinetochores, telomeres, spindle pole bodies,
microtubules, cohesins, and codensins are essential for proper chromosome segregation and
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maintenance of ploidy [2-5]. The spindle assembly checkpoint (SAC) monitors defects in
spindle—kinetochore interactions. Errors in spindle—kinetochore attachment activate the
SAC, which leads to an inhibition of the anaphase-promoting complex (APC), blocking
entry into anaphase until all chromosomes are correctly aligned at the metaphase plate to
prevent chromosome missegregation [6].

Centromeres are structurally categorized into three classes, referred to as point, regional, and
holocentric [7]. Point centromeres found in budding yeast Saccharomyces cerevisiae are
comprised of ~125 bp of DNA and are conserved among each of its 16 chromosomes [8—
10]. In contrast, regional centromeres in metazoans, plants, and fission yeast span several
kilobases to megabases with no obvious sequence conservation, and may contain repetitive
alpha satellite sequences and flanking heterochromatin domains. The holocentric
centromeres in Caenorhabditis elegans span the entire length of a chromosome without
sequence specificity. Despite the centromeric DNA sequence heterogeneity, several
kinetochore complexes are evolutionarily conserved between point and regional
centromeres. A distinguishing feature that is common to all organisms studied to date is the
presence of a centromeric histone H3 variant, CenH3 (Cse4 in budding yeast; Cnpl in
fission yeast; CID in fruit flies; and CENP-A in humans), which is essential for chromosome
segregation [11]. In budding yeast, one to three Cse4 nucleosomes are found at each
chromosome, and the centromeric nucleosomes are nearly perfectly positioned over a
defined centromeric DNA region [12-16]. Centromeric assembly of CenH3 in budding and
fission yeast, as well as in humans, requires the adaptor protein suppressor of chromosome
missegregation (Scm3; holliday junction recognition protein [HJURP] in humans). Scm3/
HJURRP directly associates with CenH3 and is essential for assembly and maintenance of a
functional kinetochore [17-24].

Over the past few years, at least six models for CenH3 nucleosomes have been proposed,
each of which differs in composition and/or the conformational state of the centromeric
DNA. The differences may be specific to the system being studied, biochemical assembly
conditions, or the cell cycle stage. The simplest variation is a centromeric nucleosome
wrapped with left-handed DNA around an octamer of histones H4, H2A, H2B, and CenH3
[25-32]. A second version, named a reversome, is identical to the first, except the DNA
assumes a right-handed conformation [33]. A third model proposes that CenH3 nucleosomes
are half the size of canonical nucleosomes, are comprised of a single molecule of each
histone, H4, H2A, H2B, and CenH3, wrapped by right-handed DNA, and are referred to as a
hemisome [34-36]. In a fourth model, only two molecules of CenH3 and two molecules of
histone H4 assemble into a tetrasome, wrapped by left-handed DNA [22]. The last two
models (hexasome and trisome) replace histones H2A and H2B with Scm3/HJURP. In the
hexasome model, there are two molecules of CenH3, histone H4, and Scm3, wrapped by
left-handed DNA [18,37]. A competing model, the trisome, proposes that there is only a
single molecule of CenH3, histone H4, and Scm3 wrapped by right-handed DNA [35].

With respect to the first model, octameric structures containing CenH3 molecules have also
been observed in vivo, but their chromosomal location is still a matter of debate [31,32,38].
It has been recently proposed that the sub-octameric complexes may be intermediate
structures that occur during different cell cycle stages [39]. Future studies should resolve the
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differences in the models and provide a better understanding of the epigenetic mechanism
that regulates CenH3 assembly (see [39-42] for detailed reviews on CenH3 nucleosome
structure).

Although the precise structure of centromeric nucleosomes remains controversial [39], there
is general agreement that CenH3 acts as the epigenetic mark that specifies centromeric
identity [43,44]. Centromeric association of CenH3 in regional centromeres is largely
independent of the underlying centromeric DNA sequence [7,42]. Also, several recent
studies have shown the association of Cse4 to non-centromeric DNA, such as the yeast 2 um
plasmid and other non-centromeric chromosomal loci [31,45,46]. Taken together, these
results raise three fundamental questions: (1) What factors control the assembly of CenH3 at
centromeric chromatin? (2) How does the structure of centromeric chromatin contribute to
the process of chromosome segregation? (3) What mechanisms are used to exclude CenH3
from non-centromeric regions?

Point centromeres in S. cerevisiae provide advantages for probing centromeric structure and
function, because these centromeres have unique non-repetitive sequences (centromere DNA
element [CDE] I-11-111) that can be easily and specifically assessed by chromatin immuno
precipitation (ChIP) techniques [47]. Importantly, budding yeast Cse4 can complement
RNAi-induced depletion of CENP-A in human cells, suggesting that, despite the differences
in the two systems, the structural and functional properties of CenH3 are conserved [48].
Studies with budding yeast have also led to the identification of more than 100 kinetochore
proteins, the cohesion and codensin complexes, and checkpoint signaling pathways [1]. As
is the case for Cse4, many of the kinetochore and other proteins required for chromosome
segregation are conserved from yeast to humans [49]. Research using S. cerevisiae to study
chromosome segregation has benefited by the powerful genetic and biochemical tools and
techniques recently developed in this system. These include ordered arrays of gene
knockouts/mutants (~4000 non-essential and ~700 essential genes), libraries of genes cloned
into low- and high-copy vectors, and synthetic genetic array (SGA) analysis for genome-
wide studies [50]. In addition, the use of a yeast strain engineered with a reporter
chromosome, in which the loss of the reporter gives rise to red sectors within white colonies,
allows for facile visual detection and quantification of chromosome loss [51]. In this review,
we summarize the current literature and focus on our work related to uncovering a role for
hypoacetylation of centromeric histone H4 in kinetochore function [52]; chromosome loss
due to mis-localization of Cse4 and identification of Cse4 domains and pathways that
prevent ectopic localization of Cse4 to non-centromeric regions [53]; and how mis-
regulation of a Cse4 interacting protein, Scm3, and its human homolog HJURP leads to
chromosome segregation defects [54].

2. Acetylation pattern of centromeric histone H4 affects chromosome

segregation

Post-translational modifications (PTMSs) of histones modulate chromatin structure and
regulate cellular processes such as chromosome segregation [55]. Studies of regional
centromeres have revealed a unique pattern of centromeric and pericentromeric histone H3
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and H4 modifications. Centromeric histone H3 is methylated at lysine 4 (K4), which is
typically associated with active transcription, and the pericentromeric histone H3 is
dimethylated at lysine 9 (K9), which is usually associated with heterochromatic regions [56].
In humans, fruit flies, and fission yeast, histones H3 and H4 are hypoacetylated in both the
centromeric and pericentromeric regions [57,58]. The proper assembly of heterochromatin in
the pericentromeric region is required for centromere establishment and maintenance [59-
61]. Even though histone H4 acetylation is well established in mediating changes in
chromatin structure [62,63], the precise molecular role for these modifications in
chromosome segregation is not clearly defined. Using point centromeres of budding yeast,
we have investigated the PTMs of histone H4 and CenH3 to understand the roles of these
modifications in genome stability [52]. We characterized the acetylation of histone H4 at the
centromeric and pericentromeric regions using ChIP assays with antibodies to tetra-
acetylated histone H4 (acetylated at lysines K5, K8, K12, and K16) or to acetylated histone
H4 at lysine 16 (K16) only. We observed low levels of both forms of acetylated H4 at
centromeres. We were particularly intrigued by the very low levels of H4K16 acetylation
(H4K16Ac), as this PTM is critical for chromatin compaction and is sufficient to prevent
higher-order folding of nucleosome arrays [64]. We also found hypoacetylated H4K16 at
non-centromeric regions containing Cse4, suggesting that H4, when associated with Cse4,
tends to favor H4K 16 that is hypoacetylated. The functional significance of H4K16
hypoacetylation was demonstrated by showing that increasing histone acetyltransferase
(HAT) activity or inhibiting histone deacetylase complexes (HDACS) leads to increased
levels of chromosome loss, growth inhibition in CSE4 and histone H4 mutants, and
increased centromeric H4K16Ac. Specifically, we showed that overexpression of the
something about silencing (SAS) complex, an H4K16 HAT, deletion of Sir2, an H4K16
deacetylase, treatment with nicotinamide (NAM), an HDAC inhibitor, or expression of the
H4K16Q acetyl-mimic mutant all lead to increased chromosome loss (Fig. 1) [52]. We
propose that the Cse4—H4 interactions mediated by the histone fold domain of Cse4 may act
in protecting cells from high levels of histone H4 acetylation. When these interactions are
weakened, a hypoacetylated N-terminal H4 becomes essential to maintain kinetochore
integrity (Fig. 1). Our results suggest that hypoacetylated H4 at the centromere is a
conserved feature between yeast and metazoans, despite having highly divergent
centromeric sequences. Furthermore, ectopic expression of histone demethylases and
acetyltransferases causes chromosome loss and confers lethality in kinetochore mutants
(unpublished data). Taken together, these data suggest that there is likely an interplay
between histone madifications for a functional kinetochore that may be conserved from
yeast to humans.

Based on our studies of H4 PTMs and the interactions of Cse4 with H4, we explored the
PTMs of Cse4 and their role in chromosome segregation. Phosphorylation of CENP-A in
humans was described almost a decade ago, and there has been one report so far on the role
of this modification in cytokinesis [65—67]. To identify Cse4 PTMs, we used biochemical
methods that allowed us to purify Cse4 while preserving potential PTMs for mass
spectrometric analysis. We created CSE4 mutants that could not be modified or mimicked a
modified state and found that these mutants displayed genetic interactions with kinetochore
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and spindle biorientation mutants (unpublished data). Our work on the PTM of Cse4 will
provide new insights into kinetochore function that may be evolutionarily conserved.

Our data for the effect of altered H4 acetylation and the role of Cse4 maodifications on
chromosome segregation provide many avenues for future research. These include
determining the mechanisms that regulate the PTMs of centromeric histone H4 and Cse4,
and identifying how these modifications affect the architecture of centromeric and
pericentromeric regions, which, in turn, affects kinetochore function. Future studies may
also determine whether the PTMs of histone H4 and Cse4 are a prerequisite for assembly
into centromeric chromatin or the modification occurs after centromeric incorporation, and
identify how these events may be coupled to kinetochore assembly.

Recent studies have shown that the centromeric chromatin structure forms a 50 kb
intramolecular chromatin loop (C-loop) with the Cse4 nucleosome at the apex, a structure
that is critical for correct biorientation [68-70]. We propose that the presence and/or absence
of specific PTMs modulate the conformation of the chromatin that comprises the C-loop to
maximize the probability of correct biorientation. We have performed experiments to
examine the C-loop structure in histone H4 mutants and found that hyperacetylation may
antagonize assembly of the C-loop (Fig. 1 and unpublished data). Future studies should help
identify proteins that contribute to a functional C-loop and determine how PTMs of Cse4
and H4 may modulate its structure. These studies will provide new insight(s) into the
mechanism of how PTMs of kinetochore proteins and centromeric histones mediate faithful
chromosome segregation not only in S. cerevisiae but also in higher eukaryotes.

3. Mechanisms that prevent non-centromeric localization of Cse4 to

maintain genome stability

Histones and histone variants confer specific properties to chromatin and affect processes
such as DNA replication, transcription, and chromosome segregation [11]. Hence, it is
conceivable that mislocalization of CenH3 to loci where canonical histone H3 resides may
have a profound effect on cellular physiology. Although assembly of CenH3 at centromeres
has been studied extensively, reports of the physiological consequences and mechanisms that
prevent mis-localization of CenH3 are very limited. For example, in fruit flies,
overexpression of CenH3 leads to ectopic kinetochore formation and severe chromosome
loss [71,72]. In humans, CENP-A is over-expressed and mis-localized in primary colorectal
cells that are aneuploid [73]. Higher levels of CENP-A expression are reported for patients
with hepatocellular carcinoma [74], and CENP-A overexpression was one of the core
markers in neoplastic intratubular germ cells, suggesting that it may be a new biological
marker for human disease[75]. It has recently been shown that CENP-A overexpression
promotes genome instability in pRb-depleted cells [76]. These observations suggest that
chromosome transmission fidelity may depend on the recruitment of CenH3 to centromeres
and its exclusion from non-centromeric regions.

Several recent studies in S. cerevisiae have indicated that Cse4 has the potential to localize
to both centromeric and non-centromeric regions (Fig. 2A) [31,38,46]. Deletions of S.
cerevisiae transcription factor Spt4 or histone chaperones Cacl and Hirl exhibit mis-
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localization of Cse4 and defects in chromosome segregation [77,78]. Recent studies reported
eviction of non-centromeric Cse4 by Snf2, a member of the Swi/Snf ATP-dependent
chromatin remodeling complex. Deletion of SNFZresults in mis-localization of Cse4 to non-
centromeric regions and defects in chromosome segregation [79]. Taken together, these
studies suggest that the chromosome loss phenotype of spt4, cacl hirl, and snf2strains may
be due to mis-localization of Csed. SPT4, CACI, HIR1, and SNFZ2are non-essential for
haploid growth, indicating that additional or redundant pathways may regulate Cse4
localization. Studies with budding yeast and fruit flies have shown that ubiquitin-dependent
proteolysis of Cse4 and CID, respectively, contributes to their exclusion from non-
centromeric regions [80-82]. Recently, Pshl was identified as an E3 ligase that mediates the
ubiquitination and proteolysis of Cse4 [83,84]. These studies have shown that deletion of
PSHI results in mis-localization of Cse4 to non-centromeric regions, and overexpression of
CSE4 leads to lethality in PSHI deletion strains. The Psh1-Cse4 interaction is dependent on
the unique centromeric targeting domain (CATD) in the C-terminus of Cse4p, which is not
present in histone H3. Psh1 localizes to centromeric DNA, and it is proposed that the
interaction of Cse4 with Scma3 at the centromere protects Cse4 from degradation [84].
Despite its role in directing Cse4 proteolysis, PSHI is not essential, and PSH deletion
strains do not have high rates of chromosome loss [84]. Results from these studies have led
to the proposal that additional domains within Cse4 and mechanisms independent of Pshl
also mediate the exclusion of Cse4 from non-centromeric regions.

To elucidate the mechanisms and consequence(s) of CenH3 mis-localization, we are
investigating whether mis-localization of Cse4 contributes to chromosome loss, identifying
domains within Cse4 required to prevent mis-localization, and characterizing pathways that
mediate the degradation of Cse4, thereby preventing its localization to non-centromeric
regions. In order to determine if mis-localization of Cse4 leads to chromosome segregation
defects, we examined phenotypes of mis-localized Cse4 in wild-type yeast strains. We used
a strain in which all lysines of Cse4 were replaced with arginines (cse4¥16R), tagged with
13-Myc epitopes at the amino terminus, and controlled by a galactose-inducible promoter
(cse4<16R) [53,80]. Cse4K16R js relatively stable and highly enriched in chromatin, and
exhibits a diffuse nuclear localization pattern that is different from the discrete Cse4 foci
characteristic of kinetochore localization [53,80]. We observed that strains overexpressing
cse4K16R exhibited a chromosome loss phenotype, suggesting that mis-localization of
cse4K18R contributes to genome stability (Fig. 2) [53]. Since cse4<26R phenotypes could be
suppressed by constitutive expression of slightly higher levels of histone H3, we propose
that this is due to displacement of cse4¥16R from non-centromeric regions. A C-terminal
mutant form of H3 that cannot form tetramers with H4 could not suppress the cse4<Z6R.
mediated defects, and co-overexpression of histone H4 and cse4<26 led to even higher rates
of chromosome loss. These results strongly suggest that Cse4-H4 complexes are
incorporated into non-centromeric loci.

To identify functional domains within Cse4 that mediate its exclusion from ectopic sites, we
created mutant alleles of CSE4 lacking the N-terminus or lysines in the N-terminal or the C-
terminal domain mutated to arginine. We determined that mutations or truncation of the
Cse4 N-terminus resulted in stabilization, chromatin enrichment, localization to centromeric
and non-centromeric regions, and defects in chromosome segregation (unpublished data).
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Our data suggest that proteolysis of Cse4 requires more than just the CATD of Cse4. This
work provides important insights into the role of the N-terminal domain of Cse4p in Psh1-
dependent and -independent pathways for Cse4 proteolysis. To identify additional proteins
that facilitate Cse4 proteolysis, we are using genome-wide approaches (e.g., SGA) to
examine genetic interactions with different CSE4 mutant alleles in loss-of-function
mutations in virtually every yeast gene [50]. As proof of principle, our screens led to the
identification of PSH1, whose deletion resulted in a severe decrease in fitness when CSE4
was overexpressed. These studies are very exciting, as they will enable us to identify
domains within Cse4 that interact with other proteins to prevent incorporation of Cse4 into
non-centromeric regions. We anticipate that screens with cse4<26R will enable us to identify
mechanisms that may be ubiquitin- and/or Psh1-independent.

Taken together, our findings demonstrate that cells have multiple regulatory mechanisms to
prevent Cse4 mis-localization and maintain genome stability. Cse4 is able to associate with
both centromeric and non-centromeric DNA. However, several factors, such as domains
within Cse4, its interaction with other proteins, and the structure of the non-centromeric
chromatin, prevent the stable incorporation of Cse4 at ectopic sites. Future studies will help
us better understand the role of each of these factors and how the nature of non-centromeric
chromatin allows promiscuous incorporation of mutant Cse4 proteins. We are interested in
determining whether co-localization of Scm3 to regions of Cse4 mis-localization contributes
to their stable incorporation into chromatin, similar to that observed for centromeric Cse4
[83]. We would also like to investigate whether the transcriptional role of SP74and its
interacting partners, SP75and SPT6, contribute to the exclusion of Cse4 from non-
centromeric regions and to the suppression of chromosome instability (CIN). Precedence for
this hypothesis is based on a recent study suggesting that the exclusion of Cse4 from
promoters may be due to rapid turnover of histones in this region by histone chaperones such
as Cacl and Hirl, whereas exclusion of Cse4 from coding regions may be due to
transcriptional activity [78]. Future work will provide a better understanding of how cells
safeguard against the stable incorporation of Cse4 at ectopic sites to maintain genome
stability.

4. Mis-regulation of Scm3/HJURP leads to chromosome loss in yeast and

human cells

The studies described above provide evidence that budding yeast and other eukaryotes
restrict Cse4 assembly to the kinetochore in order to maintain faithful chromosome
transmission. In this section, we summarize recent work on the Cse4 adapter protein, Scm3,
which is essential for centromeric localization of Cse4 [17,18,20,21]. The mechanism of
Scm3-dependent Cse4 assembly is likely to be highly conserved, as Scm3 orthologs are
present in other organisms ranging from fission yeast (SpScm3) to Xenopus (xHJURP),
mice (mmHJURP), and humans (HJURP) [19,22,24,85,86]. Scm3 and its homologs share an
evolutionarily conserved domain that specifically interacts with CenH3 to facilitate its
assembly at the centromere [37,54].
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Understanding the molecular role of Scm3 in kinetochore assembly has been an area of
active investigation in recent years. Scm3 in budding yeast was first identified in a genetic
screen for suppressors of temperature-sensitive CSE4 mutants [20], and recent studies have
shown the interdependence among Scm3, Ndc10, and Cse4 for centromeric localization
[17]. Our studies of budding yeast have shown that the centromeric association of Scm3 is
cell cycle-regulated and that Scm3 is enriched at centromeric DNA in S phase and anaphase,
and depleted in early mitotic cells (Fig. 3) [54]. The incorporation of Cse4 at centromeres
occurs in S phase and is coupled with centromeric DNA replication [87]. Notably, Scm3 and
Cse4 are both enriched at centromeres in S phase cells, consistent with a role for Scm3 as a
Cse4 assembly factor [54]. Centromeric enrichment of Scm3 in anaphase has also been
observed recently by Luconi et al. [88], who suggested that such an enrichment was required
for the maintenance of Cse4 at the kinetochore under tension caused by spindle elongation.
Scm3 homologs in other eukaryotes also exhibit a cell cycle-dependent centromeric
association pattern [19,22—24]. For example, centromeric association of HIURP is
coincident with CenH3 localization in G1 [23,24]. The CenH3 homolog in Drosgphila, Cid,
is recruited to centromeric DNA in metaphase, which is dependent upon CENP-C and a
newly identified protein CAL1 [89]. Although CALL1 exhibits no obvious sequence
homology to Scm3/HJURP proteins, these proteins have conserved function as a chaperone
for the centromeric assembly of CenH3. Collectively, these studies show that Scm3 and its
homologs are required for the incorporation of CenH3 and that centromeric association of
these proteins is cell cycle-regulated. Future studies will help us understand how cell cycle-
dependent centromeric association of Scm3/HJURP is regulated and whether this
association is required for accurate chromosome segregation.

Recent studies have shown that HJURP-mediated deposition of CENP-A is sufficient to
recruit centromeric proteins to an ectopic site [86]. Notably, HJURP overexpression is
observed in lung and breast cancer cell lines that exhibit CIN and cell immortality [90,91].
These characteristics are associated with poor prognosis in cancer patients [91]. To study the
effects of overexpressed SCM3and HJURP, we used strains in which SCM3and HIURP
expression were controlled by a galactose-inducible promoter. Unlike Scm3 expressed from
its own promoter, the centromeric association of galactose-induced SCM3is not cell cycle-
regulated (Fig. 3)[54]. Overexpression of SCM3 leads to increased chromosome loss,
reduced viability in kinetochore mutants, premature separation of sister chromatids, and
reduced levels of Cse4 and histone H4 at centromeres (Fig. 3). In turn, overexpression of
CSE4 or histone H4 suppressed the chromosome loss and restored levels of Cse4 at
centromeres in strains overexpressing SCM3[54]. It is possible that the altered cell cycle
pattern of centromeric association of Scm3, when overexpressed, may contribute to
chromosome loss. We explored the possibility that HJURP overexpression might contribute
to the CIN by testing its effect in yeast and human cells. These studies indicated that
overexpressed HJURPin S. cerevisiae and human cells led to chromosome loss and mitotic
defects, respectively, suggesting that increased HJURP levels may directly cause CIN in
human cells [54]. Notably, it has been shown previously that histone H3 overexpression also
causes chromosome loss and reduction of centromeric Cse4, similar to the effects of SCM3
overexpression [53,92]. Taken together, these studies show that balanced stoichiometry of
histone H3, CenH3, and Scm3/HJURP is critical for chromosome transmission fidelity.
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The observation that SCM3 overexpression causes reduction in centromere-bound Cse4
suggests that the chromosome loss phenotype may be due to centromeric association of
Scma3 devoid of Cse4 (Fig. 3). Support for this hypothesis was derived from the use of
mutant alleles of SCM3, which failed to bind to Cse4 but were proficient in binding to
centromeric DNA. Overexpression of this sem3allele led to high rates of chromosome loss
that was not suppressed by overexpression of CSE4 [54]. Furthermore, we determined that
the centromeric association of Scm3 is mediated through its N-terminal domain [54], and
these results are consistent with recent data from in vitro studies [37]. It is not known
whether centromeric DNA binding properties of Scm3 in budding yeast represent a unique
feature of “point centromeres” or are evolutionarily conserved properties. Our computational
analysis predicts a putative DNA binding motif within the C-terminus of fission yeast Scm3
(unpublished data), but no specific centromeric DNA binding domain within HIURP was
detected. Future studies should help us understand the molecular mechanisms that maintain
regulation of Scm3/HJURP expression to suppress chromo-some instability, and help us
identify and develop therapeutic targets for cancers with mis-regulated HJURP expression.

In summary, our studies and those of others have identified PTMs of histone and kinetochore
proteins and the potential role of these modifications in kinetochore function. The findings
that hypoacetylation of centromeric histone H4 contributes to genome stability raises a
fundamental question of how enzymatic activities of HATs and HDACs distinguish
centromeres from other regions. Notably, cancer therapies based on anti-mitotic drugs are
being actively investigated [93]. Our findings suggest that a combination of HDAC
inhibitors with drugs that inhibit kinetochore function may provide an efficacious approach
to treat cancers, with minimal effect on normal cells. Studies addressing how mis-
localization of Cse4 or deregulation of Scm3/HJURP leads to chromosome loss in budding
yeast may provide insights into how perturbations in similar pathways contribute to mis-
localized CENP-A and overex-pressed HJURP in human disease. Taken together, studies
with budding yeast kinetochore proteins and centromeric histones promise to provide new
insights into the mechanisms of centromeric chromatin assembly and regulation.
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Fig. 1.

Ac?etylation pattern of centromeric histone H4 affects chromosome segregation. (A)
Centromeric histone H4 N-terminal tails are hypoacetylated, which is associated with proper
C-loop (light blue nucleosomes to left of Cse4/H4 nucleosome) and kinetochore (KT)
assembly to mediate accurate chromosome segregation. Note that the Cse4 nucleosome
illustration does not indicate the actual composition of the centromeric nucleosome (refer to
the introduction for various models of centromeric nucleosomes). (B) Phenotypes resulting
from hyperacetylated centromeric histone H4 at K16. Increased dosage of histone H4K16
acetylation (Ac) by overexpression of Sas2 histone acetyltransferase activity (Sas), growth
on nicotinamide (NAM), an inhibitor of nicotinamide adenine dinucleotide (NAD)-
dependent deacetylases that act on H4K16, or use of an H4K16Q acetyl-mimic mutant (Q —
glutamine) results in chromosome loss that may be caused by disruption of the C-loop
and/or improper kinetochore assembly at the centromere (?). (Far right). We use a visual
assay to monitor chromosome loss in a strain engineered with a reporter chromosome. Loss
of the reporter chromosome results in red sectors in an otherwise white colony. Chromosome
loss within the first cell division results in half-sectored red colonies. Refer to Section 2 for
details.
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Fig. 2.

Mgchanisms that prevent non-centromeric localization of Cse4 to maintain genome stability.
(A) Cse4 can localize to non-centromeric regions; however, mis-localization is suppressed
by Pshl, Snf2, Cacl-Hirl, Spt4, and other proteins (?). Pshl is an E3 ubiquitin ligase that
mediates proteolytic degradation of Cse4 and excludes its incorporation into non-
centromeric DNA. Centromeric incorporation of Cse4 and its interaction with Scm3 is
thought to protect Cse4 from proteolysis by Psh1. Snf2 is proposed to remove Cse4 from
non-centromeric regions. Cse4 eviction by Snf2 may or may not be mutually exclusive from
known (Psh1) and unknown (?) proteolytic pathways. The centromeric nucleosome is
depicted in blue, and the non-centromeric regions of Cse4 are denoted by the cylinders with
a dotted outline. Note that the Cse4 nucleosome illustration does not indicate the actual
composition of the centromeric nucleosome (refer to the introduction for various models of
centromeric nucleosomes). (B) Overexpression of cse4<167 |eads to its mis-localization to
non-centromeric regions. Scm3-mediated centromeric localization of cse4K16R is inferred
from complementation of a CSE4 deletion strain by cse4<16R. Stable non-centromeric
incorporation of cse4K16R |eads to its enrichment in chromatin, chromosome loss, and
increased protein stability. Refer to Section 3 for details.
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Fig. 3.
Mis-regulation of Scma3 results in increased chromosome loss in budding yeast. Scm3 forms

a stoichiometric complex with Cse4/H4 and mediates the assembly of Cse4 at the
centromeric DNA. Depicted is the cell cycle of budding yeast with G1, S, mitotic (M),
anaphase (A), and telophase (T) cells. (A). Wild-type cells with a balanced stoichiometry of
Scm3 with Cse4/H4 contribute to faithful chromosome segregation. The schematic figure
depicts the cell cycle following ChIP experiments using epitope-tagged Scm3 expressed
from its endogenous promoter. Scm3 is enriched in S phase and anaphase (A) and shows
depletion in early mitotic (M) phase cells. The enrichment and depletion are denoted by the
thickness of the lines in each phase. (B) Strains overexpressing SCM3 (OE-SCMJ3) have an
excess of Scm3 compared to the available pools of Cse4 and H4. We propose that
centromeric association of Scm3 devoid of Cse4/H4 leads to chromosome loss in strains
overexpressing SCM3. Schematic of cell cycle as in (A) shows results of ChIP experiments
using epitope-tagged overexpressed SCM3, which fails to show the depletion of centromeric
Scma3 in early mitotic cells and constitutively associates with centromeres in all phases of
the cell cycle. The thickness of the lines in each phase represents the levels of centromeric
Scma3. Figure is adapted from our publication [54]. Refer to Section 4 for details.
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