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Abstract

The assembly of just a single kinetochore at the centromere of each sister chromatid is essential

for accurate chromosome segregation during cell division. Surprisingly, despite their vital
function, centromeres show considerable plasticity with respect to their chromosomal locations
and activity. The establishment and maintenance of centromeric chromatin, and therefore the
location of kinetochores, is epigenetically regulated. The histone H3 variant CENP-A isthe key
determinant of centromere identity and kinetochore assembly. Recent studies have identified many
factors that affect CENP-A localization, but their precise rolesin this process are unknown. We
build on these advances and on new information about the timing of CENP-A assembly during the
cell cycle to propose new models for how centromeric chromatin is established and propagated.

Introduction

The centromere, with its unique chromatin composition (Fig. 1a), is an essential locus that
allows chromosomes to associate with spindle microtubules and segregate chromosomes to
daughter nuclei during cell division. Because multiple spindle attachment points
(kinetochores) per chromatid result in chromosome missegregation in most organisms, this
complex machinery needs to be assembled at a single site on each chromosome. Failures of
correct kinetochore assembly, microtubule attachment or sister-chromatid cohesion can
result in chromosome loss and gain events that can have highly detrimental effects. In
somatic cells (during mitotic division) such failures can drive tumour formationl, and
defective chromosome segregation in meiosis has a profound effects on human fertility — a
high proportion of recognized human pregnancies are aneuploid?. Clearly, a complete
pictureisrequired of how the locations of centromeres, and thus kinetochores, are specified
in order to fully understand the processes that allow the accurate inheritance of genetic
material. Thisinformation should also aid the design of artificial chromosomes, which are
potentially useful as therapeutic vectors3.

Normally, centromeres are faithfully propagated at the same site from one cell and
organismal generation to the next. The site chosen for centromere and kinetochore formation
in some organisms, such as the budding yeast, Saccharomyces cerevisiae, seemsto be
specified by recruitment of specific proteins to a short DNA sequence of less than 200 bp4
(Fig. 1b). However, in most eukaryotes the kinetochore forms on only a subset of the long
arrays of repetitive DNA associated with centromeres5, 6, 7, 8 (Fig. 1b). Thus, these
‘regional’ centromeres do not seem to be specified by the primary DNA sequence; instead,
epigenetic regulation seems to have a dominant role.
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The evidence for epigenetic regulation of most centromeresis compelling (reviewed in
Refs 910.11.12.13) ‘The presence of endogenous centromeric repeats does not guarantee
kinetochore formation. For example, human and fly chromosomes that contain two
separated blocks of centromeric DNA (structural dicentric chromosomes) segregate
normally, because only one site is able to recruit centromere proteins and form a
kinetochore, whereas the other is epigenetically inactivated!® 15 16.17.18 M ost strikingly,
kinetochores can form in flies and humans at sites that lack any sequences that are
homologous to those at normal centromeres; once established, these ‘ neocentromeres
propagate centromere function faithfully19: 20. 21,22, 23 |n the fission yeast,
Schizosaccharomyces pombe, plasmids with minimal centromeric DNA establish functional
centromeres stochastically, but once the functional stateis attained it is propagated
faithfully24. Remarkably, the engineered deletion of an endogenous fission yeast
centromere allows the assembly and maintenance of a centromere at other novel
chromosomal locations25. It is paradoxical that centromere function and many associated
proteins are essential and conserved, yet centromere specification is not hard-wired to the
DNA sequence and displays dramatic plasticity. One explanation arises from considering the
speed with which satellite repeats change during evolution; centromere plasticity might be
necessary for karyotype evolution and might ultimately contribute to

speciation? 10, 26,27, 28,

The key issues that centromere biologists are currently grappling with are determining the
molecular mechanisms that specify and faithfully propagate centromere identity at asingle
site, how these events are coordinated with the cell cycle, and how the need for centromere
stability is balanced with plasticity. We still lack a comprehensive mechanistic
understanding of how centromere identity and propagation are accomplished and
epigenetically regulated. However, there have been significant and exciting advances in our
understanding of the unique composition and organization of centromeric chromatin, and in
the identification of molecules that affect its formation and function. Here, we summarize
this information, mainly from analyses in budding yeast, fission yeast, fruitflies and
mammals, and propose models based on these findings. We will focus on a key determinant
of centromere identity and kinetochore formation, the centromere-specific histone H3
variant, CENP-A (centromere protein A; also known as CenH3), and our current
understanding of the molecules and mechanisms involved in CENP-A assembly into
centromeric chromatin.

Centromeric chromatin is unusual

What determines the site of kinetochore assembly if DNA sequence is not the primary
trigger? Epigenetic regulation of centromere formation suggests that chromatin composition
or organization has akey role. In general, the packaging of chromosomal DNA in the
nucleus in an organized manner allows for multiple levels of regulation of functions such as
transcription and replication. Nucleosomes are inherently inhibitory to the transcription and
replication machinery, and thus they need to be ‘opened’ to allow the passage of
polymerases. In addition, alarge number of post-trand ational modifications, including
acetylation, methylation, ubquitylation, sumoylation and phosphorylation, act to attract or
exclude factors that are correlated with different functional chromatin states29.

In addition to the canonical histones (H2A, H2B, H3 and H4), histone variants such as
H2AZ, H2AX or H2AV (depending on the organism) and H3.3 are associated with distinct
regions of the genome. In general, H2A variantsin yeast are found at promoters and might
aid nucleosome disassembly during induction30, 31, and H2AZ is also associated with
‘boundary’ elements that demarcate chromosomal domains32. H2AZ has also been
implicated in centromere structure in mice33. The H3.3 variant replaces H3 following
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transcriptional activation, and its deposition is coincident with elongation34, 35. The
inclusion of H2AZ in nucleosomes containing H3.3 renders them highly unstable, but
promotes the stability of nucleosomes containing H3 (Ref. 36). Unlike canonical histones,
the deposition of which is coupled to DNA replication and requires the chromatin assembly
factor (CAF) complex, histone variants are assembled into nucleosomes by areplication-
independent exchange mechanism that relies on other protein complexes, such as HIRA for
H3.3 and SWR1 for H2AZ37, 38. Replacement of H3 with H3.3 independently of
replication allows histone modifications that repress transcription to be erased, and thereby
aids transcriptional activation and propagation of the active state.

In all eukaryotes, kinetochores are assembled on distinctive chromatin that contains CENP-
A14, 39, 40, 41, 42, 43, 44, 45, 46 (Fig. 1b). CENP-A is a congtitutive chromatin
component, underlying the kinetochore throughout the cell cycle. It is specific to
centromeres and forms a higher-order structure that lies at the heart of the mitotic
kinetochore (see below). CENP-A proteins are clearly required for kinetochore assembly in
all eukaryotes studied: CENP-A depletion results in mislocalization of most kinetochore
proteins, whereas depletion of most kinetochore proteins has no effect on CENP-A
localization41l, 44. In addition, overexpression of CENP-A resultsin its mislocalization to
normally non-centromeric regions and the formation of ectopic kinetochores47. These
observations suggest that CENP-A is both a structural and functional foundation for the
kinetochore, and that it lies at or close to the apex of the pathway that is responsible for
kinetochore formation. However, aswill be discussed below, recent studies have identified
proteins that are co-dependent with CENP-A for centromere localization, suggesting that
CENP-A isnot alone at the top of the hierarchy.

In S cerevisae complete centromere function is specified by only 125 bp of DNA, whichis
composed of three centromere DNA elements (CDES): CDEI, CDEIl and CDEIII (reviewed
in Ref. 4). The 15 bp of CDEIII is most important as it attracts a complex containing
sequence-specific DNA-binding proteins (Ndc10, Cep3, Ctf13 and Skpl). This complex
dictates the assembly of only a single nucleosome, containing the CENP-A homologue
CENP-AC4, over the middie AT-rich CDEII element39 48(Fig. 1b). By contrast, human,
mouse, rice and Drosgphila centromeres contain blocks of CENP-A nucleosomes that are
interspersed with blocks of histone H3-containing nucleosomes’: 49 (Fig. 1b). The length of
DNA encapsulated in this unique structure is approximately 500-1500 kb in humans and
200-500 kb in flies. The entire region seems to be folded in mitotic chromosomes so that all
CENP-A ison the surface of the chromosome, with H3 residing underneath (Fig. 1c).

Canonical histones are highly conserved and contain sites for a plethora of post-trandlational
modifications, particularly in their N-terminal tails29. These modifications are correlated
with different functional states, such as transcriptional activity or silencing, and are involved
in chromatin assembly and disassembly. Surprisingly, although regional centromeres are
universally embedded in pericentric heterochromatin, the interspersed H3 domains within
centromeres themselves are modified in a pattern that is distinct from both euchromatin and
heterochromatin50 (Fig. 1b,c). These domains contain the H3K4me2 modification
(dimethylation of lysine 4 of histone H3), which is normally associated with open (active)
chromatin, but they do not contain the acetylated residues that also usually mark open
chromatin. They also lack the H3K 9me modification (methylation of lysine 9 of histone H3)
that is associated with ‘silent’” chromatin and with the flanking pericentromeric
heterochromatin. In addition, H2AZ is present in the interspersed H3 domains of mouse
centromeres33. Evenin S pombe, centromeres seem to adhere to this arrangement. The
central kinetochore domain, composed of inner repests and a central core, is packaged in
approximately 10 kb of chromatin that is composed mainly of the CENP-A homologue

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.
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CENP-AC™L (Ref. 51) and that seems to contain some histone H3K 4me2 chromatin52 (Fig.
1b).

The function of the interspersed H3 domains, with their distinct histone modifications, is not
known. They might contribute to CENP-A recruitment, or participate in assembling the
cylindrical three-dimensional structure of centromeric chromatin in mitotic chromosomes, in
which CENP-A-containing nucleosomes are located on the poleward side of each chromatid
and the interspersed H3 blocks reside in the interface between sister centromeres? (Fig. 1c).
This arrangement could ensure that CENP-A is exposed on opposite sides of cohesed sister
centromeres, which would promote the formation of sister kinetochores that interact with
microtubules from opposite poles, and thus promote bi-orientation. A similar model has
recently been proposed for the single S cerevisiae CENP-A nucleosome, which lies at the
apex of aC-loop53 (Fig. 1c). S pombemight also contain asimilar substructure to
coordinate multiple microtubul e attachments54. The H3K4me2 modification on the
interspersed H3 domains might also be indicative of atranscription-coupled process that acts
to ‘proofread’ CENP-A chromatin domains, evicting H3 and replacing it with CENP-A (see
below).

CENP-A structure and nucleosome organization

Like all histones, H3 and CENP-A contain globular histone fold domains (HFDs) that are
composed of three apha helices separated by loops45, 55. The helices of H3 intertwine with
those of H4 to form atetrameric [H3-H4], structure — the kernel of the ‘ canonical’
nucleosome. Given the high structural conservation observed for canonical histones, itis
striking that the N-terminal tails of CENP-A from different organisms are highly divergent
both in length and in amino-acid sequence9. For example, the tails are 120 and 130 amino
acids in budding yeast and DrosgphilaCENP-A, respectively, but are only 45 amino acidsin
humans and 20 amino acids in fission yeast. This suggests that the tails evolve rapidly along
with organism-specific CENP-A-interacting proteins, and that there might be distinct but
overlapping mechanisms and proteins used to chaperone and incorporate CENP-A in
different organisms27. Surprisingly little is known about post-translational modifications of
CENP-A and whether they are functionally important.

In fission yeast, micrococcal nuclease (MNase) digestion analysis showed that the central
kinetochore domain at al three centromeres adopts an unusual chromatin structure56, 57.
Centromeres display a smeared nucleosomal pattern, in contrast to the canonical 150 bp
ladder seen in bulk chromatin, suggesting less regular spacing with respect to DNA
seguences. Likewise, the smaller regional centromeres of the yeast Candiada albicansa so
display an atypical nucleosomal pattern58. However, /n vitro assembled CENP-A chromatin
utilizing human CENP-A in place of H3 forms octamers with H4, H2A and H2B and does
not generate an unusual MNase pattern59. The causes of the unusual nucleosome pattern in
some organismsiis currently unknown, but it is presumably a property conferred by the
replacement of H3 with CENP-A; the DNA ends might be more accessible, and in some
organisms might lead to less precise termini.

Recent analyses show that CENP-A is structurally distinct from H3 in that it forms a more
rigid and compact interface with H4 in both tetramers and nucleosomes55, 60. The region
responsible for this differenceisin thefirst loop (L 1) and second aphahelix (2), which
corresponds to CENP-A residues that are involved in centromere recruitment (see below)
(Fig. 2a). Analyses of /n vitro assembled CENP-A nucleosomes suggest that they are more
prone to disassembly than norma H3 nucleosomes, which might aid the removal of CENP-
A nucleosomes from non-centromeric loci61. Thus, physical properties of [CENP-A—H4]»

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.
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and canonical [H3—H4], tetramers, and presumably the resulting nucleosomes, are distinct
and might contribute to functional differences.

Recent studies suggest that the composition of CENP-A nucleosomesis also unusual. The
single CENP-AC% nucleosome in budding yeast seems to lack H2A-H2B, and instead
contains a non-histone protein Scm3, that might form a hexamer with the [CENP-ACS#4—
H4], tetramers62 (Fig. 2b). In addition, a recent report indicates that the Drosophila CENP-
A homologue, CENP-ACID might exist as a CENP-AC!P_H4-H2A—H2B tetramer or half-
nucleosome in interphase DrosgphilaS2 cells63 (Fig. 2b). However, [H3—H4], tetramers
form the stable core of canonical octameric nucleosomes, and a heterotypic tetramer is
highly unusual. It is possible that CENP-A nucleosomes are octamers /n vivo, and that the
observed recovery of tetramers from Drosophilacells results from the propensity of CENP-
A octamers to disassemble61, the absence from CENP-A of residues that can form
crosslinks, or from active assembly—disassembly processes that take place during
interphase64.

Despite these reports of unusual CENP-A nucleosomes, the affinity purification of CENP-A
nucleosomes from human and fly cells suggest that they mainly exist as octamers that
contain [ CENP-A—-H4-H2A-H?2B], (Refs 7, 65), and that CENP-A octamers can form /n
vitras9, although some hybrid or intermediate CENP-A—H3 nucleosomes might also exist
(Fig. 2b). In addition, H2B is detected in the central domain of fission yeast centromeres,
and mutations in H2B reduce CENP-A levelsin the central domain66. Although the effect
of H2B mutations could be indirect, these analyses suggest that H2B might be an integral
component of fission yeast CENP-A nucleosomes; however, the possibility that some
incomplete or Scm3-containing CENP-A nucleosomes are also present has not been
excluded. It is aso possible that the composition and structure of CENP-A nucleosomes
varies during the cell cycle, for example, during S phase, interphase and mitosis. Clearly, we
need more detailed information about the components and properties of CENP-A
nucleosomes, and whether they change during the cell cycle.

Cell-cycle timing of CENP-A deposition

Parental canonical H3 nucleosomes are distributed randomly to daughter strands67.
Typically, assembly factors such as ASF1 and CAF collaborate to mediate deposition of

new H3-containing nucleosomes along DNA asit is synthesized during S phase (reviewed in
Refs 68, 69). Nascent nucleosomes are thought to be deposited on both the leading and
lagging strands, enabling the propagation of parental chromatin structures to both daughter
cells70.

Centromeric DNA replicatesin mid to late S phase in Drosgphilaand human cells71, 72,
and in very early S phasein S pomber3. Based on the behaviour of canonical H3
nucleosomes during replication, it was assumed that half of the pre-existing CENP-A
nucleosomes are segregated to each chromatid. However, in S carevisaeall pre-existing
CENP-A isevicted and replaced by new CENP-A during S phase, perhaps leading to
temporary kinetochore disruption and orientation-switching74. Recent studies in human
cells have shown that CENP-A nucleosomes are extremely stable, and segregate to daughter
chromatids during each S phase75, providing a mechanism for continuity of CENP-A and
centromere inheritance (Fig. 3a). However, as the amount of CENP-A at each centromereis
diluted twofold during each S phase, at some point during the cell cycle the CENP-A ‘gaps’
must be filled in or replenished with nucleosomes containing newly synthesized protein.

CENP-A nucleosome assembly is replication-independent71, but until recently it was
unclear whether new CENP-A nucleosomes are assembled during the S, G2, M or G1 phase
of thecell cycle. In S pormbe, CENP-A levels reach a maximum before the canonical

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.
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histonesin early S phase, and newly synthesised CENP-A can be deposited both during S
phase and in G2 (Ref. 76) (note that G1 is exceedingly short in fission yeast, with cells
proceeding amost directly from mitosisinto S phase). The simplest explanation is that
CENP-A deposition in S phase is replication-coincident, rather than replication-coupled, so
that one mechanism operates to allow incorporation of new CENP-A during both S and G2
(Ref. 51). However, the GATA-like Ams2 protein is required to boost histone levelsin S
phase but is also centromere-associated and affects CENP-A assembly at centromeres?7, 78.
The interplay between Ams2, canonical histone levels and CENP-A assembly at
centromeres is complex; there might be both normal S phase and G2 *‘salvage’ pathways76.
Elegant fluorescent CENP-A gquench—pulse—chase approaches in human cells have been
used to analyse the timing of centromere localization of newly synthesized CENP-A.
Surprisingly, CENP-A assembly was shown to occur in late mitosis (tel ophase) and
throughout G1 (Ref. 75) (Fig. 3b). In Drosophila CENP-ACP assembly occurs during
anaphase of mitosisin the syncytial embryonic nuclear divisions79, which cycle between S
and M phases without G1 or G2 phases.

The assembly of nucleosomes during mitosis and the G1 phase is an unprecedented finding,
and has a significant impact on our understanding of the mechanics of centromere
propagation. First, these results suggest that the amount of CENP-A at centromeresis halved
during most of the cell cycle, from the time of replication in S phase to the end of mitosis
(Fig. 3b). This raises questions about the composition of centromeric chromatin during this
period, which includes the time of kinetochore formation and function, and what happens to
CENP-A chromatin during replication. Do the CENP-A ‘gaps generated during DNA
replication and nucleosome segregation in S phase contain H3 nucleosomes, which are
replaced or exchanged at the end of mitosis or in G1, or are they nucleosome-free, as
observed at transcription start sitesin many organisms (Fig. 3a)? Are CENP-A nucleosomes
‘split” during replication, forming half-nucleosomes that are reconstituted as octamers only
during late mitosis or in G17? In addition, the timing of CENP-A assembly coincides with the
completion of the primary function of the centromere, namely kinetochore formation,
attachment to the spindle and segregation of chromatids. This raises the intriguing
possibility that accomplishing centromere function serves as asignal for initiating
centromere assembly12, 27, 80. Although mass disruption of microtubules by nocodazole
treatment does not disrupt assembly of newly synthesized CENP-A75, it is possible that the
link is more complex. For example, the signal for CENP-A assembly might require
attachment and bi-orientation in early mitosis, plus detachment at the end of mitosis.

Regulators of CENP-A deposition

The incorporation of histones into chromatin involves numerous events, including histone
gene transcription and translation, protein modifications, import into the nucleus, and
nucleosome assembly, remodelling or exchange (Fig. 4a). Each of these steps provides an
opportunity for regulation of CENP-A localization to centromeres by contributing factors,
including the properties of CENP-A and the activity of CENP-A-interacting components
(Box 1). Two key questions that need to be addressed to understand the molecular
mechanisms responsible for epigenetic propagation of centromere identity are: what
properties of CENP-A are necessary and sufficient to direct deposition of new CENP-A
specifically to centromeres following replication, and what are the frans-acting factors
responsible for centromere-specific assembly of CENP-A? acids of loop 1 and the 2 helix
from human CENP-A in place of the equivalent region of the H3 HFD localized to
centromeresb5(Fig. 2a). Surprisingly, centromere localization of fusion proteins containing
this CENP-A targeting domain (CATD) occurred even after CENP-A depletion by small-
interfering RNA (SSIRNA). Although it is possible that low levels of CENP-A remained at
centromeres after SRNA depletion, these results suggest that pre-existing CENP-A need not

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.
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be present at centromeres for recruitment of new CENP-A. Similar studies of chimeric
histones showed that the Drosgphila CENP-AC!D-targeting domain is even smaller,
consisting of the C-terminus of 1, al of loop 1 and the N-terminus of 2 (15 amino acids)83.
Single amino-acid substitutions within this region disrupted centromere localization (Fig.
2a). The CATD liesin the morerigid, compact interface with H4 that residesin the
nucleosome core55 (Fig. 2a). However, it isunlikely that interactions between the CATD
and H4 are sufficient for targeting, as H4 is deposited throughout the genome. Thus, other
proteins that regulate centromere-specific localization probably recognize the CATD or the
CATD:H4 interface.

Box 1
Processes affecting CENP-A localization: terminology matters

Terminology affects the way we think about the factors that regulate biol ogical
processes. Many components have been identified in genetic screens or biochemical
purifications, and depletion of these components resultsin loss of CENP-A from
centromeres. These are often referred to as CENP-A ‘loading’ or ‘assembly’ factors,
which implies a specific role in centromeric nucleosome deposition. However, lack of
CENP-A at centromeres could result from disrupting events that occur before the
deposition of CENP-A into sub-kinetochore chromatin, as well as defects in subsequent
maintenance.

We suggest that ‘ CENP-A localization factor’ be used as a general term for molecules
that, when depleted, cause areduction in CENP-A at centromeres, and that ‘ CENP-A
deposition factor’ should be used only for components shown to be required for
deposition of newly synthesized CENP-A protein into sub-kinetochore chromatin. Bona
fide charging factors would include specific chaperones that guide CENP-A to
centromeres, and assembly or exchange factors that promote its incorporation into
nucleosomes (see main text). CENP-A localization and deposition factors might interact
physically with CENP-A itself. Thisis not a strict criterion as they could be required for
obligatory events that must occur in parallel, such as H3 nucleosome disassembly and
eviction.

Decreased CENP-A at centromeres could also occur indirectly as aresult of defectsin the
processes listed below. Such components should be classified as CENP-A influencing
factors. The regulation of these events isimportant; however, we suggest that the
terminology used to classify factors reflect their specific molecular functions. Thiswill
facilitate a more informed understanding of the many events required for the formation
and maintenance of sub-kinetochore chromatin.

CENP-A expression

The levels of mature CENP-A mRNA are cell-cycle regulated, and defective
transcription would result in insufficient CENP-A being available for incorporation.
CENP-A mRNA might be subject to post-transcriptional regulation to ensure that it is not
overproduced, and aberrant RNA processing and turnover might affect CENP-A protein
levels.

Protein and mRNA tur nover

An inappropriate ‘glut’ of histones or CENP-A is detrimental to cells. Association of
histones with chaperones inhibits histone gene transcription and triggers degradation of
histone mRNA. Abnormal protein turnover could indirectly affect CENP-A localization
at centromeres.

Histone gene expression

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.
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Thelevels of other histone and non-histone components can affect centromeric CENP-A
levels at centromeres, For example, H4 is necessary for formation of CENP-A—H4
heteromers before incorporation. In addition, excess H3 can compete with CENP-A for
the available H4 pool.

Histone modifications and nuclear import

Cytoplasmic post-translational histone modifications affect import into the nucleus and
their assembly into chromatin. Little is known about post-translational modification of
CENP-A, but perturbing modification components (for example, histone acetylation and
deacetylation) could affect the import of CENP-A nucleosome components and
interactions with chaperones and assembly factors. Similarly, defective import
mechanisms could result in less CENP-A being available for deposition.

H3 nucleosome disassembly

The assembly of CENP-A into nucleosomes might involve the disassembly and
replacement of H3 nucleosomes. Loss of the factors that are required to disassemble H3
nucleosomes, such as remodelling complexes or post-translational modifications (for
example, acetylation of histone H3 on lysine 56, H3K56Ac) might indirectly cause loss
of CENP-A. Although identifying such factors would contribute to understanding the
mechanism of CENP-A deposition, they might not provide specificity.

Many proteins have been identified by biochemical purifications as being physically
associated with CENP-A, and factors required for centromere localization of CENP-A have
been identified by genetic screens and subsequent analyses. An effect on CENP-A
localization has been used to suggest that a factor has adirect role in assembly or loading of
CENP-A nucleosomes. However, it isimportant to define the precise roles of the factors
required for CENP-A localization with respect to the multiple steps and molecular processes
involved in histone expression and transport, and in nucleosome assembly and maintenance
(Box. 1; Fig. 49).

The S cerevisiaeNdc10 protein is a component of the CBF3 DNA complex that binds the
15 bp CDEIII centromere element and that is absolutely required to specify centromere
function. The Scm3 protein has been shown to form a hexameric complex with a[CENP-
ACS_H4], tetramer62 (see Fig. 2b and above), and interacts with the AT-rich CDEII
element84, 85. Scm3, Ndc10 and CENP-AC* gre interdependent for centromere
localization. It is unclear whether Scm3is required for incorporation of newly synthesized
CENP-ACs#4 into chromatin and/or maintenance of CENP-AC% at centromeres. It is also
unknown whether [CENP-ACS_H4], tetramers are initially associated with H2A and H2B
tetramers, which are then replaced by Scm3. Nevertheless, ‘point’ centromere assembly
seems to require sequence-specific binding through CBF3 and Ndc10, through association
of Scm3 with CENP-ACS#4_H4 and CDEI|, and through Ndc10-Scm3 binding.

Progress has also been made in identifying trans-acting proteins that are required for CENP-
A localization in eukaryotes which contain more complex and epigenetically determined
centromeres. The S pombeproteins Mis6 and Ams2 are required for CENP-ACnPL
localization77, 86, but it is not clear whether they directly mediate CENP-AC™! deposition
at centromeres or act indirectly to maintain CENP-AC! |ocalization (Boxes 1, 2).
Additional proteins that affect CENP-ACP1 |ocalization have been isolated (Mis15-18)87,
two of which have a conserved role in localizing human CENP-A. Components of the
human M1S18 complex, consisting of MIS18A, M1S18B and MIS18-binding protein
(M1S18BP; KNL-2 in worms), are particularly interesting factors required for centromere
formation. The human M1S18 complex collaborates with the general histone H3-H4
chaperone RbAp46/48, which is also a component of the CAF complex (see below) and only
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localizes to centromeres in the period between late anaphase to telophase and through G1in
humans89. Thisisintriguing in light of recent evidence that human CENP-A assembly
occurs between telophase and the following G1 phase (Refs 75, 79). M18BP1 and KNL-2
depletion experiments suggest that the M1S18 complex might ‘license’ centromere
formation, analogous to the way in which licensing factors permit replication-origin
activation89. Similarly Misl6, afission yeast RbAp46/48 homologue, and Mis18 dissociate
from centromeres from early mitosis until late anaphase/tel ophase. The association of Mis18
might permit CENP-A assembly in al subsequent stages, but this might only normally occur
when there is sufficient CENP-A and associated H4 in early S phase, which in fission yeast
immediately follows telophase and is coincident with centromere replication51. In fission
yeast the tetratricopeptide repeat (TPR)-domain protein Sim3, which is homologous to the
histone-binding proteins NASP (human) and N1/N2 (Xeropus), has been shown to be
distributed throughout the nucleus but also associates with CENP-AC™1 and is required for
itslocalization at centromeres. In Xengpus, NU/N2 isrequired to store free H3-H4 as
tetramersin the cytoplasm; therefore, in fission yeast, Sim3 might act to escort CENP-A to
centromeres and prevent its misincorporation at other sites90.

Box 2
Factors that can affect CENP-A localization

The assembly of chromatin is a complex process. The assembly of CENP-A into
chromatin must require chaperones that deliver newly synthesized histones to the
nucleus, and chromatin assembly or exchange complexes (Fig. 4a). There might be
redundant contributions made by different factors and pathways (Box 1). Furthermore,
different disassembly, assembly and exchange factors might act at distinct steps of the
process leading to CENP-A incorporation, and thus these steps need to be distinguished.

»  Chaperones are required to escort CENP-A to centromeres. These may or may
not be concentrated at centromeres. Some chaperones might not only deliver
histones but could also participate in the assembly process. For example, in
fission yeast Sim3 acts as a CENP-A chaperone.

e Assembly factors can be divided into those that disassemble or transfer
nucleosomes and those that take part in the de novo assembly of CENP-A
nucleosomes. Asthereis a possible overlap between CENP-A and H3 assembly
factors, these may or may not be specifically localized at centromeres. Such
factors (including NAP1 and FACT) might be required for H2A and H2B
assembly into or disassembly from H3—-CENP-A nucleosomes (Fig. 4a).

»  Specific CENP-A amino acids (those in the histone fold domain) are distinct
from the amino acidsin histone H3 and are sufficient to target CENP-A to the
centromeres when placed in canonical H3. It is hot known what factors
recognize CENP-A but not H3.

» Histone modifiers can also be considered as factors that are required for
localization. Because many events involving histones are stimulated or inhibited
by post-trandational modifications, it is likely that the enzymes responsible for a
particular histone modification will exert an influence on CENP-A chromatin
assembly.

»  Propagation factors might be involved after CENP-A nucleosomes are
established at alocus, as CENP-A nucleosomes can self-propagate through
multiple cell divisions rendering establishment factors non-essential.

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Allshire and Karpen

Page 10

» Establishment factors are required to trigger the assembly of CENP-A
nucleosomes on naive centromeric DNA (for example, neocentromeres). These
might be associated with centromeric DNA or with pericentromeric chromatin.

Recent biochemical purification studies in human and chicken cells have identified two
major centromere-associated complexest5, 91. CENP-B, -C, -H, -M, -N, -T and -U were
found to be associated with one or afew CENP-A nucleosomes, forming the nucleosome-
associated complex (NAC)65 (Fig. 4b). Other proteinsisolated in these studies did not
associate directly with CENP-A, and instead formed a more distal complex called CAD
(CENP-A distal). NAC proteins are needed to recruit CAD components, which in turn are
required for assembling subsets of outer kinetochore proteins during mitosis. Some NAC
components, including CENP-I, -K and -M (the homologue of Mis6) were shown to be
required for localization of a CENP-A—GFP fusion protein, which was under the control of a
constitutive promoter, suggesting arolein the incorporation of newly synthesized CENP-
A91. Surprisingly, CENP-A is also required to localize NAC to centromeres, indicating
reciprocal dependency in theinitial stages of centromeric chromatin assembly (Fig. 4b).

Factors required for centromere propagation were recently identified in Drosgphilausing an
unbiased, genome-wide RNAI screen for defectsin CENP-ACIP |ocalization92. A novel
congtitutive centromere protein (CAL1) and CENP-C were shown to be essential for the
assembly of newly synthesized CENP-AC!D. CENP-ACID, CAL 1 and CENP-C co-
immunoprecipitate and are mutually dependent for centromere localization and function. As
observed for M1S18 and MIS18BP in humans, levels of CAL1 are reduced on metaphase
centromeres and increase coincident with CENP-A loading in late anaphase to telophase. In
addition, cyclin A and the anaphase-promoting complex (APC) inhibitor RCA1 (Emilin
vertebrates) were identified as regulators of centromere propagation and CENP-AC!D
localization. Cyclin A is centromere-localized, and cyclin A and RCA1 couple centromere
assembly to the cell cycle through regulation of the Fzr (also known as Cdhl) subunit of the
APC. These findings identify essential components of the epigenetic machinery that ensures
proper specification and propagation of the centromere, as well as componentsinvolved in
coordinating centromere inheritance with cell division.

A major gap in our understanding of centromere propagation is the identity of molecules
that directly mediate CENP-A deposition into chromatin. Newly synthesized canonical H3
nucleosomes are assembled behind the replication fork by ATP-dependent activities that are
mediated by complexes, such as CAF, and by ASF1 as a subunit of the replication coupling
assembly factor (RCAF)68, 69. Although deposition of CENP-A can be replication-
independent71, 75, 76, 90, 93, it is currently unclear whether CENP-A nucleosomes are
assembled de novo on naked DNA, or by exchange-replacement mechanisms (Fig. 3). In
Drosophila, the CAFp55 protein (homologues include RbA p46/RbA p48 in mammals and
Misl6in S pombe copurified with tandem affinity purification (TAP)-tagged CENP-ACID,
and was demonstrated to assemble CENP-AC!D nucleosomes on plasmids i vitrod4, but
their rolein CENP-ACID assembly /n vivo has not been determined. By contrast, neither
CAF nor HIRA were associated with human CENP-A-containing chromatin or with the
NAC complex65. This could imply that assembly of centromeric chromatin does not require
these histone chaperones, at least in human cells. Alternatively, histone H3 interspersed with
CENP-A in centromeric regions might be deposited by CAF or HIRA, and might be
required for subsequent CENP-A assembly via replacement—exchange or remodelling
mechanisms.

Nat Rev Genet. Author manuscript; available in PMC 2009 June 01.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Allshire and Karpen

Page 11

De novo establishment of CENP-A chromatin

Although centromeres are normally propagated faithfully at the same site, new centromeres
can be established de rnovoin the absence of pre-existing CENP-A or other guiding marks
(Fig. 4b). Examples include the neocentromere formation observed in flies and humans, and
the movement of centromere |locations that occurs during evolution20, 21. Ectopic
kinetochores can also be established in Drosgphilaafter CENP-AC!D overexpression and
mislocalization to normally non-centromeric, euchromatic locations4?. It is possible that
establishment pathways act to renew the site of CENP-A chromatin and kinetochore
assembly when a cell suffers major catastrophes (that is, stress that disrupts centromere—
kinetochore function). The processes that establish new CENP-A chromatin also might
provide backup to and be redundant with propagation mechanisms, to ensure that a
centromere is assembled at a particular chromosomal |ocation.

De novo establishment of centromeres has been demonstrated experimentally by introducing
naked DNA templates containing sequences associated with centromere function /n vivo
into cells and assessing their ability to assemble a kinetochore. Active kinetochores can
clearly be established on naive DNA transferred into budding yeast, fission yeast, and plant
and mammalian cells95, 96, 97, 98, 99. However, in mammalian cells and fission yeast this
process can be inefficient, perhaps owing to size requirements that are dictated by the need
for sufficient sister-chromatid cohesion to resist pulling forces, and/or alack of particular
contextual cues provided by surrounding chromatin100. In addition, it seems that the
establishment of centromeres on artificially introduced centromeric DNA isnot possiblein
some organisms, such as the pathogenic yeast C. albicanss8. The inefficiency or lack of de
novo centromere assembly might be a consegquence of the normal processes that restrict
centromere propagation to one site per chromosome, or differencesin organismsin their
ability to assemble appropriate chromatin templates on naked DNA.

Recent analyses in mammalian cellsindicate that the CENP-B protein, which binds a
specific 17-bp element within a subset of alpha-satellite monomers, promotes the assembly
of CENP-A into chromatin and, therefore, kinetochore formation100. In addition, targeting
of transcriptional repressing or activating complexes can inactivate centromeres101. In
fission yeast, RNA interference (RNAi)-directed heterochromatin is important, as it allows
CENP-AC™1 chromatin to be established on adjacent central core DNA, but it is not
required for its maintenancel02 (Fig. 4b). The RNAi components Dicer and argonaute, and
the heterochromatin protein 1 (HP1) counterpart Swi6, are also required for establishment of
CENP-AC1 jn this system. This suggests that in fission yeast the centromeric
heterochromatin flanking the central domain provides a platform that mediates de novo
CENP-A assembly on the nearby central core, although the mechanistic link remains to be
determined.

The specific properties of the central core that might aid CENP-A deposition are also
unknown; for example, the GATA-like transcription factor Ams2 is enriched in the central
core and might contribute to deposition, but central core DNA alone is not sufficient to
attract CENP-A nucleosomes?7. Intriguingly, the use of flanking /ox sites and Cre
recombinase to delete afission yeast centromere results in the establishment of new
functional centromeres in subtelomeric regions. DNA that is homologous to centromeric
central core DNA cannot be detected in these regions, suggesting that chromatin structure or
composition is the major determinant, rather than primary DNA sequence. Consistent with
this model, telomeric regions are known to be assembled in heterochromatin, and depletion
of RNAI or heterochromatin factors reduces the efficiency of neocentromere
establishment25.
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Non-coding transcripts and centromere formation

Small and large non-coding RNAS (for example, sIRNAs, roX, Xist and NoRC) have roles
in epigenetic regulation through the recruitment of chromatin-modifying activities103, 104,
105, 106. There are tantalizing observations that suggest that transcription of centromeric
DNA or of other non-coding RNAs could similarly affect centromere formation: RNAase-
sensitive electron-dense material is present at newt lung-cell kinetochores107; transcripts
homol ogous to centromeric DNA have been detected in mammals108 and plants and are
processed into sSiRNAs in plants109, 110; and active protein-coding genes can reside within
centromeric chromatin111, 112. Strikingly, RNAs derived from centromeric
retrotransposons and CentC centromeric repeats are enriched in CENP-A chromatin
immunoprecipitates in maizel13. Moreover, transcripts from human al pha-satellite DNA are
associated with CENP-C and the inner centromere protein INCENP, and the addition of
recombinant alpha satellite RNA to permeabilized human cellsis required to target
exogenous CENP-C to centromeres114. Finally, low levels of RNA polymerase |
enrichment have been observed at the central domain in S pormbel 15.

The relationship between RNAs derived from centromeric DNA and kinetochore assembly
and/or architecture remains to be determined. Many chromatin modifications and
nucleosome disassembly, reassembly and remodelling events are associated with
transcription69, 116. Dimethylation or trimethylation of histone H3 on lysine 4 (H3K4me2
or H3K4me3) is associated with the 5” regions of active genes and attracts chromatin factors
such as NURF or Chd1, which reposition nucleosomesl17. The H3K4me2 modification is
found within the interspersed H3 blocks that are present in human, fly and plant centromeric
chromatin50, 52. In S, pombethe central domain contains H3K4me2 (Ref. 52), and the
Chd1 homologue, Hrpl, isrequired for normal CENP-A chromatin levels118. Thus, itis
possible that transcription of centromeric DNA, rather than the RNA sequences, promotes
CENP-A deposition (Fig. 5a). Intriguingly, the facilitates chromatin transcription (FACT)
remodelling complex co-purifies with human CENP-A nucleosomes65, 119. FACT is
required for efficient transcription through chromatin and it acts to dissociate H2A—-H2B
dimers from nucleosomes, thus ai ding nucleosome disassembly in front of, and reassembly
behind, the advancing RNA polymerase 1169, 116, 117. Despite its association with CENP-
A, thereis no functional analysis that directly implicates FACT in CENP-A deposition. It is
possible that the function of FACT with respect to CENP-A has nothing to do with
transcription; FACT also interacts with DNA polymerase and might aid replication through
CENP-A nucleosomes and mediate their random distribution to daughter strands69.

Alternatively, the RNAs produced from centromeric DNA might facilitate formation of
CENP-A chromatin (see above). Centromeric RNAs might help to localize factors required
for CENP-A deposition, analogous to the siRNA-mediated recruitment of histone-modifying
enzymes103, 104 (Fig. 5b). They might also contribute to the formation of essential protein
complexes, as observed for dosage compensation (the MSL complex in flies)106. Finally,
nascent transcripts could hybridize with their centromeric templates to form R-1oops120.
Such unusual centromeric RNA-DNA hybrids could elicit an unconventional DNA-damage
response, resulting in repair-coupled chromatin remodelling and deposition of CENP-A.
Indeed, base-excision repair has been implicated in CENP-A chromatin assembly in
Xenopusextractsl2].

The presence of RNA at kinetochores and the association of RNAs that are homologous to
centromeric DNA with centromeric chromatin proteinsisintriguing. However, it remainsto
be determined whether the act of transcription or the non-coding transcripts themselves play
adirect part in establishing or maintaining CENP-A chromatin. An important question to
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address is when centromeric transcription and transcripts are produced during the cell cycle
with respect to the timing of CENP-A loading.

Models for propagation of centromere identity

What are the possible mechanisms responsible for propagating centromere identity? We
believe that the central issueisto understand how new CENP-A is recruited to and
incorporated into replicated centromeres. Without direct evidence for specific models, a
range of molecules and mechanisms need to be considered. The basic facts described above
that need to be accommodated into any model are: centromeric chromatin contains both
CENP-A and H3 nucleosomes (Fig. 1); assembly occurs from late mitosis through to G1
(Fig. 3b); part of the CENP-A HFD (that is, the CATD) is necessary and sufficient for
targeting (Fig. 2); and localization of new CENP-A and maintenance of existing CENP-A
can be differentially regulated (Fig. 4b). Here we discuss three general models and the types
of proteins that could be involved, based on these findings. These models are neither
mutually exclusive nor encompass al possihilities, but serve as a useful framework for
future analyses.

Deposition by CENP-A-specific proteins that recognize replicated CENP-A chromatin

Although we do not know exactly what happens at CENP-A chromatin during replication
(octamer or half-nucleosome segregation, H3 deposition, or nucleosome gaps), the end
result is the same: some type of nucleosome that contains CENP-A (Fig. 2b) is segregated to
both daughter chromatids75 (Fig. 3a). Chromatin-loading factors that specifically recognize
CENP-A could deposit new CENP-A nucleosomes onto each chromatid in the same region
during telophase and through G1, replenishing the CENP-A content11, 72. Such acyclical
mechanism could account for the faithful propagation of centromeres at asingle site, and the
faithful propagation of neocentromere identity23, 122, 123.

If H3 nucleosomes are deposited during S phasein ‘gaps formed by CENP-A nucleosome
segregation (Fig. 6a), then CENP-A deposition during telophase and through G1 could
involve replacement or exchange of H3 nucleosomes. In fission yeast, replacement of H3
with CENP-A could be coincident with replication or occur subsequently in G2 (Refs 51,
76). A precedent for this type of mechanism comes from H3.3 incorporation into sites of
gene expression3* 3 36_|n this case, CAFs would be required for H3 deposition, perhaps
only during S phase, and segregated CENP-A would provide the specificity signal for new
deposition by nucleosome-exchange factors, analogous to the HIRA complex, which would
be recruited during loading. Transcription of centromeric DNA might also be involved in the
eviction of H3 and its replacement with CENP-A (Fig. 5a).

Alternatively, if segregation of existing CENP-A nucleosomes to daughter strands during
replication leaves ‘ nucleosome gaps', either segregated CENP-A or the gaps themselves
could serve asasignal for new CENP-A assembly. This mechanism would require ade novo
assembly factors and/or activities, rather than those associated with H3 exchange (Fig. 6a).
Assembly complexes could be centromere-specific, with unique components that are
specific for the deposition of CENP-A nucleosomes, for example, the M1S18 complex.
Alternatively, general assembly factors that are not centromere-specific might mediate
CENP-A recruitment, for example, the RbAp46/48 histone chaperone among others. If so,
“adaptor’ proteins might be required to recruit general assembly factors and/or CENP-A
specifically to centromeres. The propagation of the epigenetic state of heterochromatin
provides a paradigm for this mechanism, in which HP1 serves as an adaptor protein that
binds both methylated H3K9 and the histone-lysine methyltransferase Su(var)3-9 (Ref. 124).
By extension, non-coding RNASs generated from centromeric DNASs could be involved in
recruitment of CENP-A assembly factors (Fig. 5b).
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CENP-A assembly or exchange mediated by the interspersed H3 domains

A second model is suggested by the observation that the interspersed H3 nucleosomes
display amodification pattern that is distinct from euchromatin and from the flanking
heterochromatin50. The modifications that are present in the interspersed H3 domains could
recruit specific CENP-A assembly proteins to the region (Fig. 6b). Proteins that could be
required in these mechanismsinclude CAFs (for assembling interspersed H3), H3
modification enzymes or binding proteins, and remodelling or exchange complexes such as
HIRA or NURF. Specificity for centromeric chromatin could be accomplished by unique
factors or combinations of ‘common’ proteins or components of complexes.

Regulation by intrinsic properties of CENP-A nucleosomes

A third model postulates that interactions between moleculesin CENP-A nucleosomes
provide the signal for new CENP-A recruitment. H3 dimers remain stably associated during
segregation of nucleosomes to replicated daughter chromatids70. Although CENP-A isaso
segregated to daughter chromatids75, CENP-A nucleosomes might be processed differently
from H3 nucleosomes, as suggested by evidence that CENP-AC'P may be in a half-
nucleosome during interphase in Drosophi/a63, and that [ CENP-A—HA4], tetramers are less
stable than [H3-H4], tetramers55. It is possible that CENP-A octamers are split during
replication in S phase to form CENP-A—H4-H2A-H2B tetramers, or just CENP-A-H4
dimers, and that incorporation of new CENP-A during telophase and through G1 involves
reconstitution of octamers (Fig. 6¢). The splitting of nucleosomes during replication would
require novel proteins, which could be specific to CENP-A. CENP-A recruitment might still
require additional proteins, such as histone chaperones or proteins that bind CENP-A,
perhaps through the CATD (Fig. 24), or other centromeric chromatin components.
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Conclusions

In the last few years many CENP-A-interacting proteins and factors that affect its
localization have been identified. Some of these associate with CENP-A in complexes and
are enriched at centromeres, whereas others are more broadly distributed. Some of these
factors must influence the process of chromatin remodelling to ensure that CENP-A is
replenished and propagated at the same location on a chromosome following replication.
Surprisingly, in human cells new CENP-A is deposited at centromeres in late mitosis (that
is, telophase) and in the G1 phase of the cell cycle. In addition, other proteins that are
required for its deposition (RbAp46/48 and the M1S18 complex) show the same temporal
pattern of localization.

The challenge for the future is to understand the events and signals that permit the
deposition of CENP-A during this period and prevent its incorporation at other times. What
factors mediate CENP-A nucleosome transfer from in front of areplication fork to the
nascent strands behind? Are CENP-A nucleosomes split so that both daughter strands
receive a CENP-A half-nucleosome in S phase? IsH3 initially deposited in centromeric
chromatin in S phase and subsequently replaced with CENP-A, or are gaps created that are
subsequently filled with CENP-A nucleosomes? What are the key CENP-A assembly and
exchange factors? How are broadly distributed generic CAFs adapted to provide specificity
to CENP-A deposition: by temporal regulation (for example, only CENP-A is deposited
during mitosis or G1) or by formation of complexes with unique, CENP-A-specific
components? Further dissection is also required to unravel the mechanism by which flanking
centromeric heterochromatin influences the establishment of CENP-A chromatin and
kinetochore assembly. It is also possible that the function of a centromere in mediating
successful bipolar orientation and segregation influences the site of CENP-A deposition.
Determining how the assembly of centromeric chromatin isintegrated with cell-cycle
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progression is key to elucidating the regulatory signals. The next decade should allow a
more complete understanding of how this unique form of chromatin is assembled and
propagated at centromeres.
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Figure 1. Centromere structure and organization

a | Centromeric chromatin underlies the kinetochore, which containsinner and outer plates
that form microtubul e-attachment sites. Pericentromeric heterochromatin flanks centromeric
chromatin, and contains a high density of cohesin, which mediates sister-chromatid
cohesion. b | Schematic depiction of centromeric DNA in humans and mice, Drosophila
Schizosaccharomyces pombe, Candida albicansand Saccharomyces cerevisiae. ¢ | Model of
the three-dimensional structure of mitotic centromeres. Data from mammalian and
Drosophilacells suggest that centromeric chromatin is folded so that nucleosomes that are
modified by dimethylation of lysine 4 of histone H3 (H3K4me2) form a discrete domain
internal to CENP-A nucleosomes, which are presented on the chromosome surface, alowing
kinetochore assembly and association with spindle microtubules. CDE,centromere DNA
element; H2AZ, histone H2AZ; imr, innermost repeats.
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Figure 2. CENP-A structure and nucleosome composition

a | The histone fold domain of histone H3 proteinsis composed of four apha helical
domains (N and 1-3). Loop 1 separates 1 and 2. The CENP-A targeting domain (CATD)
contains key differences from H3, and is sufficient for localization to centromeres when
substituted into canonical H3 (the amino acids highlighted in orange are required in
Drosgphilg). The CATD forms arigid conformation in combination with H4, and this
distinguishes CENP-A-H4 from H3-H4 heteromers. b | In non-centromeric regions,
canonical histone H3 assembles into octameric nucleosomes composed of two H2A, H2B,
H3, and H4 histone subunits. In centromeric chromatin, CENP-A can assemble into
homotypic octamers, in which both H3 subunits are replaced by CENP-A, or into
heterotypic octamers, which contain one canonical H3 and one CENP-A subunit. In
Drosophila, CENP-A has been reported to form half-nucleosomes, that is, homotypic
tetramers containing one subunit each of H2A, H2B, H4 and CENP-ACIP (the Drosophila
homologue of CENP-A). In Saccharomyces cerevisiae, Scm3 has been reported to replace
the H2A—-H2B dimers, forming an unusual hexamer containing two Scm3, CENP-A and H4
subunits. Additional forms of CENP-A nucleosomes can be envisaged by the replacement of
one or both H2A subunits with H2A variants.
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Figure 3. Cell-cycleregulation of CENP-A assembly

a | Pre-existing nucleosomes are distributed equally to sister-chromatids at the replication
fork. The chromatin assembly factors CAF and ASF1 coordinate the deposition of new
histone H3 and H4, and assemble new nucleosomes behind the replication fork. CENP-A
density at centromeres drops by one half following replication, most probably owing to
CENP-A-nucleosome segregation at the fork. The resulting nucleosome ‘gaps' could be
“filled” with new H3 nucleosomes during S phase, or might be maintained as gaps until new
CENP-A nucleosomes are assembled. CENP-A nucleosomes could also be split during
replication, forming half-nucleosomes (not shown). b | Pulse—chase experiments in human
cells show that new CENP-A is assembled at centromeres starting in telophase and
continuing through G1. Thus, the amount of CENP-A at each centromere is highest at the
end of G1, and is halved during S phase owing to the distribution of CENP-A to both sister
chromatids. Cellular CENP-A protein levels are highest in G2, but new CENP-A assembly
does not initiate until telophase. The amount of CENP-A in centromeres does not return to
maximal levels until the end of G1, suggesting that kinetochore assembly occurs at
centromeres containing half the maximal amount of CENP-A. MCM, minichromosome
maintenance helicase; PCNA, proliferating cell nuclear antigen; DNA Pol, DNA
polymerase.
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Figure 3. Cell-cycleregulation of CENP-A assembly

a | Nucleosome assembly pathways. Human and Saccharomyces cerevisaeproteinsthat are
thought to function in these pathways are shown. Newly synthesized histone H3 and H4 are
acetylated by a histone acetylase (HAT) and form tetramers in the cytoplasm. Chaperones,
such as the human RbA p46/48 and NASP, facilitate H3—H4 import into the nucleusin
combination with an importin protein, such asthe S cerevisiaeKapl23. Replication-
coupled assembly into chromatin is mediated in humans by the chromatin assembly factors
ASF1 and CAF (which includes RbAp46/48), and acetyl group (Ac) modifications are
removed by histone deacetylases. The protein complex HIRA mediates transcription-
coupled assembly of H3-H4 into chromatin. Nucleoplasmin (in humans) and Napl (in S
cerevisiag) act as chaperones for H2A—H2B dimersand, in S cerevisiag Kapll4 mediates
their nuclear import. NASP and RbA p46/48 a so associate with CENP-A, and might
participate in its nuclear import. Specific post-translational modifications might also play a
part in CENP-A nuclear import and deposition. The factors that mediate CENP-A assembly
into chromatin are unknown. However, the facilitates chromatin transcription (FACT)
remodelling complex associates with CENP-A, and RbAp46/48 can mediate CENP-A
nucleosome assembly /n vitro and also associates with the MIS18 complex, whichis
recruited to centromeresin telophase and through G1. Defects in histone gene transcription,
trandlation, modification or import could affect the ability to assemble intact CENP-A
chromatin and result in loss of CENP-A from centromeres (Box 1). b | Factorsinvolved in
CENP-A localization. Pericentromeric heterochromatin facilitates the establishment CENP-
A on naked DNA templates in Schizosaccharomyces pombe, and the alpha satellite-binding
protein CENP-B facilitates de novo centromere formation in human cells. Normally,
propagation of centromere identity after DNA replication requires assembly of newly
synthesized CENP-A at pre-existing locations. Factors that are physically associated with
CENP-A include the nucleosome associated complex (NAC) and the MIS18 complex,
RbAp46/48, NASP and FACT, among others. Some NAC components are reciprocally
required for the centromere localization of CENP-A, demonstrating interdependency at the
top of the propagation pathway. M1S18 components are known to function upstream of
CENP-A, astheir localization is not disrupted in CENP-A mutants. Whether these and/or
other factors are specifically required for CENP-A assembly into chromatin is currently
unknown. Other kinetochore components, such as MI1S12, have been shown to localize
independently of CENP-A. Components of the CENP-A distal (CAD) complex are not
required for CENP-A localization, but CENP-A isrequired to recruit CAD and kinetochore
components that assemble the inner and outer plates and microtubule attachment sites.
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Figure5. Possible rolesfor transcription of centromeric repeats

a | Transcription of centromeric chromatin might facilitate the replacement of histone H3
with CENP-A following replication (for example, in the subsequent G1 phase in human
cells). The FACT (facilitates chromatin transcription) complex translocates nucleosomes
fromin front of RNA polymerase I (RNAPII) to behind it during transcription. FACT
associates with CENP-A nucleosomes, suggesting that the act of transcription might be
involved in the replacement of H3 with CENP-A, analogous to the transcription-coupled
replacement of H3 with H3.3, which is mediated by HIRA. b | Non-coding RNAs that are
homol ogous to centromeric DNA, that is, nascent transcripts or processed small RNAs (not
shown), could have an active role in recruiting specific chromatin remodelling and/or
assembly factors that direct CENP-A nucleosome deposition to centromeres. The deposition
of H3 or the formation of nucleosomal gaps in centromeric chromatin during S phase could
trigger transcription of centromeric DNA, and restoration of full levels of CENP-A
nucleosomes could terminate assembly by blocking transcription.
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Figure 6. Modelsfor regulation of CENP-A propagation during the cell cycle

a | In human cells, new CENP-A is deposited at centromeresin G1 to restore maximum
occupancy at centromeres before replication. In S phase, following replication, half of these
CENP-A nucleosomes remain with each sister chromatid, and the spaces are either
temporarily filled with H3-containing nucleosomes or remain as nucleosomal gaps until the
end of mitosis (M). Successful kinetochore assembly, microtubule attachment, bi-orientation
and segregation of chromosomes to opposite spindle poles during mitosis might somehow
authorise CENP-A deposition in the following G1 phase. Restoration of CENP-A levels at
centromeres might occur by recruitment of CENP-A assembly factors that deposit new
CENP-A in gaps, or by exchange factors that mediate replacement of H3 nucleosomes with
CENP-A nucleosomes. b | Specificity of CENP-A deposition mediated by the interspersed
H3 blocks. Following replication of centromeric chromatin, a distinct combination of post-
trand ational modificationsin the interspersed H3 blocks (for example, dimethylation of
lysine 4 of histone H3, H3K4me2) might specify the recruitment of factors that are required
for the replacement of H3 with CENP-A exchange or the deposition of new CENP-A
nucleosomes into nucleosomal gaps. ¢ | Specificity of CENP-A deposition mediated by
CENP-A. CENP-A octamers might split during replication so that half-nucleosomes
composed of single H2A, H2B, CENP-A and H4 subunits are retained on each sister
chromatid through G2 and metaphase. In telophase and through G1, half-nucleosomes might
attract specific assembly factors that rebuild complete CENP-A octamers, thus restoring
centromeric chromatin integrity. Alternatively, CENP-A octamers might be segregated
intact at the replication fork, and might specify recruitment of factors that mediate assembly
of CENP-A nucleosomes into adjacent gaps, or replacement of adjacent H3 nucleosomes
deposited in S phase (not shown).
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