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Preface

The centromere is a chromosomal region that enables the accurate segregation of
chromosomes during mitosis and meiosis. It holds sister chromatids together, and
through its centromere DNA—protein complex known as the kinetochore binds
spindle microtubules to bring about accurate chromosome movements. Despite
this conserved function, centromeres exhibit dramatic difference in structure, size,
and complexity. Extensive studies on centromeric DNA revealed its rapid evolution
resulting often in significant difference even among closely related species.

Such a plasticity of centromeric DNA could be explained by epigenetic con-
trol of centromere function, which does not depend absolutely on primary DNA
sequence. According to epigenetic centromere concept, which is thoroughly dis-
cussed by Tanya Panchenko and Ben Black in Chap. 1 of this book, centromere
activation or inactivation might be caused by modifications of chromatin. Such
acquired chromatin epigenetic modifications are then inherited from one cell divi-
sion to the next. Concerning centromere-specific chromatin modification, it is
now evident that all centromeres contain a centromere specific histone H3 variant,
CenH3, which replaces histone H3 in centromeric nucleosomes and provides a
structural basis that epigenetically defines centromere and differentiates it from the
surrounding chromatin. Recent insights into the CenH3 presented in this chapter
add important mechanistic understanding of how centromere identity is initially
established and subsequently maintained in every cell cycle.

To explain contradiction between rapid evolution of centromeric DNA and centro-
meric histones on one site and conservation of centromere function on the other one, a
model termed “centromere drive” has been proposed by Steven Henikoff and Harmit
Malik in 2002. According to this model, asymmetry in female meiosis acts as a driv-
ing force in centromere evolution by inducing a constant genetic conflict between
two essential genetic elements: centromeric satellite DNA and centromeric histones
or other satellite-binding proteins. Such a conflict is responsible for rapid centromere
evolution. In Chap. 2 of this book, Harmit Malik summarizes the evidence in favor of
the centromere-drive model and its implications for centromere evolution.

Although extant data favor centromere being epigenetic structure, it is also clear
that centromere formation is based on DNA, in particular tandemly repeated satel-
lite DNA, which is a predominant component of many centromeres. Presence of
conserved structural motifs within satellite DNAs indicates existence of structural
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determinants which are prerequisite for centromere function. In Chap. 3, Purdica
Ugarkovi¢ discusses the role of DNA in centromere establishment and proposes that
centromere is formed from adapted sequences with certain structural characteristics.
After exaptation, that is, after becoming functional, these sequences can reside within
the genome for long evolutionary periods and create so called satellite DNA library.

Recently, it is revealed that centromeres are transcriptionally active and RNA
is identified as a structural component of kinetochore, essential for centromere
function. In Chap. 4, Rachel O’Neill and Dawn Carone highlight the current under-
standing of centromere structure and evolution, as well as role of transcription in
centromere function, using as a model system marsupials. Because of small size
and importance in speciation, marsupial centromere represents a valuable mam-
malian centromere model.

Neocentromere formation and evolution of new centromeres have been thor-
oughly discussed by Rocchi, Stanyon, and Archidiacono in Chap. 5. Using primates
as a model system, they explain mechanisms leading to the formation of both types
of centromeres and define centromere forming domains that preserve features that
trigger neocentromere emergence over tens of millions of years of evolutionary
time. Findings described in this chapter reveal that centromeres can origin, live,
and go extinct, but inactive and ancient ones can be also “reused” as centromere
seeding points in evolution.

Intense investigation of centromere components, DNA, and proteins has been
performed in different plant species, in particular Arabidopsis and Gramineae,
during this decade. A comprehensive review written by Jiang and Murata with
collaborators summarizes (Chap. 6 in this book) present data on plant centromere
components. In addition, evolution of plant centromere is discussed as well as
future directions in plant centromere investigation.
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Chapter 1

The Epigenetic Basis for Centromere Identity

Tanya Panchenko and Ben E. Black
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Abstract The centromere serves as the control locus for chromosome segregation
at mitosis and meiosis. In most eukaryotes, including mammals, the location of the
centromere is epigenetically defined. The contribution of both genetic and epigenetic
determinants to centromere function is the subject of current investigation in diverse
eukaryotes. Here we highlight key findings from several organisms that have shaped
the current view of centromeres, with special attention to experiments that have
elucidated the epigenetic nature of their specification. Recent insights into the
histone H3 variant, CENP-A, which assembles into centromeric nucleosomes that
serve as the epigenetic mark to perpetuate centromere identity, have added important
mechanistic understanding of how centromere identity is initially established and
subsequently maintained in every cell cycle.

1.1 Introduction

Mitotic segregation of the genome is an essential process for all eukaryotes, and all
eukaryotic chromosomes use a control locus — the centromere — to self-direct their
own segregation. It has been clear for decades that the underlying DNA sequences at
centromeres are highly divergent, while the genes found along the chromosome arms
are highly conserved. Ten years ago, the characterization of human neocentromeres
laid bare a true paradox at the centromere: while megabase arrays of repetitive DNA
are typically found at eukaryotic centromeres, the repeats themselves are neither
required for centromere identity nor for centromere function (Eichler 1999). Function,
in the case of centromeres, is defined as the ability of the locus to build a kinetochore
at meiosis and mitosis that serves as the physical connection of the chromosome to
the microtubule-based spindle. Given the central nature that centromeres play in
directing inheritance in the germline and in preserving genome integrity in somatic
cells, the resolution of this paradox has emerged as a key problem in biology. Many
lines of evidence point to strong epigenetic mechanisms to determine centromere
identity. As in the case of epigenetic mechanisms that modulate gene expression,
the studies of centromere epigenetics have focused on chromatin structure.

The specific architecture and scale of an individual centromeric chromatin
domain can vary substantially between divergent eukaryotic species. All functional
centromeres, however, contain a centromere-specific histone H3 variant (CENP-A
from humans was the first centromere-specific histone to be identified (Earnshaw
et al. 1986; Earnshaw and Cooke 1989; Earnshaw and Rothfield 1985; Palmer et al.
1987, 1989, 1991; Sullivan et al. 1994)). Centromere identity is typically defined
by the presence of an array of nucleosomes in which CENP-A replaces H3. Data
from several diverse model systems, including some yeast systems (where there is
a stronger genetic component than in metazoans), have greatly contributed to our
current understanding of how centromeres are specified. In this review, we survey
some of the classic studies from diverse eukaryotic species that have each shaped
our current view of the centromere as an epigenetic locus and discuss recent studies
that have advanced our understanding of centromere identity and function.
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1.2 The Budding Yeast Centromere

The Saccharomyces cerevisiae centromere is the most thoroughly characterized
centromere in any system. It is an extreme example of a centromere due to its very
small size (125 bp) and strong DNA sequence dependence. The simplicity of the
S. cerevisiae centromere and the tractable genetics of the organism have led to
elegant experiments that have elucidated its nature. While the budding yeast
centromere could be viewed as an exception to the rule of epigenetic centromere
formation, a discussion of its well understood key features will put findings from
other eukaryotic species into context.

1.2.1 Genetic Definition of a Centromere

The identification of a region on chromosome III that is required for centromere
function provided the first indication that the centromeres of budding yeast are
defined genetically (Clarke and Carbon 1980). This isolated sequence imparts mitotic
and meiotic stability to circular plasmids (which also carry an autonomously
replicating sequence (ARS) to confer replication in S-phase), functionally creating a
mini-chromosome (Stinchcomb et al. 1979; Clarke and Carbon 1980; Fitzgerald-Hayes
et al. 1982a;). The minichromosome/chromosome stability approach was extended
to identify the functional centromeres on each of the budding yeast chromosomes, and
eventually generated a centromere consensus sequence of 125 bp (Clarke and Carbon
1980; Fitzgerald-Hayes et al. 1982a, b; Panzeri and Philippsen 1982; Stinchcomb
et al. 1982; Hieter et al. 1985; Maine et al. 1984; Neitz and Carbon 1985; Mann and
Davis 1986; Cottarel et al. 1989). This consensus sequence is clearly comprised of
three parts, centromere DNA element I, II, and III (CDE I, CDE II, and CDE III), each
of which serves distinct roles and are made up of unique sequences (Fitzgerald-Hayes
et al. 1982b; Hieter et al. 1985; Neitz and Carbon 1985). CDE I and CDE III
represent the right and left boundaries of the centromeric DNA region and are most
conserved from chromosome to chromosome. The AT-rich CDE II (>90% AT) is
relatively invariant in nucleotide composition and length but varies widely in sequence
(Fitzgerald-Hayes et al. 1982b; Hieter et al. 1985). Mutational analysis of these
regions indicates that CDE II and CDE III are most sensitive to variations (Carbon and
Clarke 1984; Fitzgerald-Hayes 1987; Gaudet and Fitzgerald-Hayes 1987; Murphy
and Fitzgerald-Hayes 1990; Murphy et al. 1991). Decreasing the AT content as well
as altering the length of CDE II decreases plasmid stability in mitosis by ~1,000
fold, whereas individual point mutations are tolerated. On the other hand, the CDE
IIT element is most sensitive to individual point mutations (McGrew et al. 1986;
Cumberledge and Carbon 1987; Jehn et al. 1991). The highly sequence-conserved
CDE I and CDE 1II elements recruit the Cbf1p homodimer and CBF3 protein complex,
respectively, via sequence-specific DNA binding protein modules (Bram and
Kornberg 1987; Baker et al. 1989; Cai and Davis 1989; Jiang and Philippsen 1989;
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Lechner and Carbon 1991). CBF1 is dispensable for kinetochore function, whereas
the CBF3 complex plays an essential role in building a functional budding yeast
kinetochore (Goh and Kilmartin 1993; Sorger et al. 1994).

1.2.2 A Single Specialized Nucleosome at the Centromere

Also present at the 125 bp centromere of budding yeast is a single nucleosome
containing the CENP-A relative, ScCCENP-A (also called Cse4p) (Stoler et al. 1995;
Furuyama and Biggins 2007). The 125 bp sequence is ~20 bp shorter than what is
required for full wrapping of a canonical histone octamer. It is not clear if some
surrounding sequences are used to wrap a putative Cse4p-containing nucleosome
or if it unwraps ~10 bp at each DNA entry/exit site. The fact that the centromeric
chromatin that is protected by nuclease digestion extends 160—200 bp (Bloom and
Carbon 1982; Funk et al. 1989) suggests that full wrapping of the ScCCENP-A-
containing nucleosome is indeed possible. ScCCENP-A specifically associates
with the centromeric regions of yeast chromosomes but not with other AT-rich
regions in the genome (Meluh et al. 1998; Furuyama and Biggins 2007). Both
centromere DNA and ScCENP-A are required for centromere function and the
gene encoding ScCCENP-A is essential for viability (Clarke and Carbon 1983; Stoler
et al. 1995; Meluh et al. 1998).

The composition of the budding yeast centromeric nucleosome has been the
topic of recent studies. An affinity purification of yeast centromeres suggests that the
composition is similar to a canonical nucleosome (Fig. 1.1a), but with ScCCENP-A
replacing both copies of histone H3 (Fig. 1.1b; i.e., two copies each of H2A, H2B,
H4, and ScCENP-A) (Westermann et al. 2003). Recent evidence to the contrary
indicates that the ScCCENP-A-containing nucleosomes lack histones H2A and H2B

Canonical Centromere-Specific
Nucleosome Nucleosome

Fig. 1.1 Nucleosome composition in Saccharomyces cerevisiae. (a) Composition of canonical
nucleosomes. (b) ScCENP-A replaces H3 in centromere-specific nucleosomes. (¢) Proposed centro-
meric nucleosome composition where Scm3p replaces H2A/H2B (Mizuguchi et al. 2007)
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(Mizuguchi et al. 2007). Instead the centromeric protein, Scm3p (Camahort et al. 2007,
Mizuguchi et al. 2007; Stoler et al. 2007), is bound to the (ScCENP-A-H4),
tetramer at the centromere (Fig. 1.1c; (Mizuguchi et al. 2007)). Scm3p binds to
the ScCENP-A-H4 tetramer as a dimer, forming a hexamer. Scm3p has also
been shown to be required for ScCCENP-A localization to the centromere as well
as progression through cell cycle (Camahort et al. 2007; Stoler et al. 2007).
Importantly, Scm3p interacts with Ncd10p (Camahort et al. 2007), a component
of CBF3, providing a potential link between the CBF3 complex and the ScCENP-
A-containing nucleosome. Although CBF3 is required for localizing ScCENP-A
to the centromere (Measday et al. 2002; Ortiz et al. 1999), no direct physical
interaction has been reported.

1.2.3 Alternative Segregation Mechanisms for the
2 wm Plasmid

In addition to chromosomal centromere sequences, at least one other type of DNA
sequence may be segregated during budding yeast mitosis in a manner requiring
ScCENP-A. The 2-um plasmids (parasitic entities that inhabit yeast cells) encode
several proteins including Repl and Rep2 that are recruited to the plasmid’s STB
locus in a process that generates plasmid stability through mitosis (Jayaram et al.
1983, 1985; Kikuchi 1983; Som et al. 1988; Scott-Drew and Murray 1998). Even
though these plasmids lack a centromere, and are not thought to form a functional
kinetochore, the presence of ScCCENP-A-containing chromatin has been proposed
to carry out some centromere function, such as mitotic regulation of duplicated
plasmid cohesion (Hajra et al. 2006). It should also be noted that the STB locus of
the 2-pum plasmid was found to confer mitotic stability in an early plasmid stability
screen (Hieter et al. 1985).

Nevertheless, the formation of bona fide budding yeast centromeres is funda-
mentally a genetic process where the underlying DNA sequence dictates its
identity. In this way the S. cerevisiae centromere is exceptional among other well
studied eukaryotic species where centromere identity is specified epigenetically, as
discussed later.

1.3 The Fission Yeast Centromere

Fission yeast, as compared to budding yeast, has evolved in a vastly different
centromere structure and organization. The underlying DNA length is substantially
increased, with the centromeric regions on each chromosome ranging from 30 to
100 kb (Clarke et al. 1986; Nakaseko et al. 1986; Fishel et al. 1988; Chikashige et al.
1989; Hahnenberger et al. 1989; Murakami et al. 1991). Fission yeast centromeres
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a Swib SpCENP-A Swib
H3K9me2 Sim4 H3K9me2

(o E e )
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X H3K9me2 / H3K9me2 X H3K9me2

Fig. 1.2 Centromere formation on minichromosomes in Schizosaccharomyces pombe. (a) Diagram
of the fission yeast centromere. (b) Experiment that demonstrates that initial formation of SpCENP-
A-containing nucleosomes on naked DNA templates requires pericentromeric heterochromatin.
If centromere identity is initially established, however, the kinetochore-forming chromatin containing
SpCENP-A perpetuates in the absence of pericentromeric heterochromatin (Folco et al. 2008)

are arranged into clearly defined regions (Fig. 1.2a). The central region, cnt, is
essential, non-repetitive, and flanked by two identical inverted repeats (imr)
(Chikashige et al. 1989; Hahnenberger et al. 1989; Murakami et al. 1991; Takahashi
et al. 1992; Clarke et al. 1993; Steiner et al. 1993; Steiner and Clarke 1994). cnt is
found associated with the Schizosaccharomyces pombe orthologue of CENP-A
(SpCENP-A; also called Cnpl) and is the site of kinetochore formation (Takahashi
et al. 2000). The central domain (cnt + imr) is in turn flanked by repetitive outer
repeats (otr) of varying lengths (Clarke and Baum 1990; Hahnenberger et al. 1991;
Kuhn et al. 1991; Polizzi and Clarke 1991; Steiner et al. 1993). Non-coding RNAs
are transcribed from within otr and are processed into short duplex RNAs by
Dicer (Volpe et al. 2002). These duplex RNAs, similar to siRNAs involved in regu-
lating gene expression, bind to the argonaute protein (Ago1 in fission yeast) and ferry
the Agol-containing RITS complex to the centromere, all of which culminates in
the formation of a pericentromeric heterochromatin domain that is required, along
with kinetochore function from the cnt domain, for accurate chromosome segrega-
tion (Hall et al. 2002; Volpe et al. 2002; Motamedi et al. 2004; Verdel et al. 2004).
The pericentromeric heterochromatin compartment is enriched in Swib6 (the fission
yeast analog of Heterochromatin Protein 1 — HP1), depleted of acetylated histone
H3 marks, and enriched for methylation on Lys9 of H3 (Ekwall et al. 1997;
Nakayama et al. 2000, 2001; Partridge et al. 2000; Noma et al. 2001). All these
marks indicate a silenced chromatin state and transcriptional reporter cassettes
inserted within the pericentromeric heterochromatin are indeed silenced (Allshire
et al. 1994, 1995; Partridge et al. 2000).
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1.3.1 CENP-A-Containing Nucleosomes Epigenetically
Mark Centromere Location

An early indication that epigenetic mechanisms may be employed to specify fission
yeast centromeres came from the finding that there is no centromere sequence resem-
bling the centromere sequences of budding yeast. While SpCENP-A is essential for
viability and centromere function, no particular DNA sequence is required for its
assembly as the cnt domain is replaceable with a non-centromeric sequence without
compromising centromere identity or continued SpCENP-A loading (Castillo et al.
2007).

S. pombe has been proven to be a very informative model system for centromere
biology due to its higher order domain structure and the powerful genetic tools that
have been developed for fission yeast. Using traditional genetic screening, several
components have been identified that are required for chromosome segregation, in
general, and for SpCENP-A centromere localization, in particular. Yanagida and
colleagues have extensively screened for mutants showing minichromosome instability
(Mis mutants). One of the Mis gene products, Mis6 (Saitoh et al. 1997), is found at
the cnt region and is required for SpCENP-A centromere localization (Takahashi et al.
2000). Sim4, which physically interacts with Mis6 in a complex that also contains
Mis15 and Mis17 (Hayashi et al. 2004), was independently identified in a screen
for mutants defective in centromeric transcriptional silencing and is also required
for SpCENP-A localization at centromeres (Pidoux et al. 2003). Two additional Mis
proteins, Mis16 and Misl8, physically interact with each other and are both
required for the centromeric localization of SpCENP-A (Hayashi et al. 2004).
Mis16 is the fission yeast orthologue of the human chromatin assembly factor 1
(CAF1) subunit p46/p48 (also known as RbAp46/48) that binds to H3/H4 tetramers
and/or dimers via H4 contacts (Murzina et al. 2008). Mis16 may also associate with
the corresponding sub-nucleosomal histone complex containing SpCENP-A and
H4 that is thought to exist prior to nucleosome assembly. Another potential compo-
nent of the centromere chromatin assembly pathway is Ams2, a transcription factor
from the GATA protein family, which is required for SpCENP-A localization (Chen
et al. 2003). The expression of Ams?2 is regulated with its levels peaking during the
G1/S phases of the cell cycle, prior to S-phase when a burst of SpCENP-A loading
occurs (Takayama et al. 2008). A more recent genetic screening for mutants defective
in centromeric gene silencing yielded Sim3, an orthologue of the mammalian histone
binding protein NASP (Dunleavy et al. 2007). Sim3 mutant yeast fail to load SpCENP-A
at centromeres, and it has been proposed to act as a chaperone in the pathway that
delivers new SpCENP-A to centromeres (Dunleavy et al. 2007).

1.3.2 De Novo Centromere Formation

Two very recent studies (Folco et al. 2008; Ishii et al. 2008) have addressed the issue
of de novo centromere establishment in fission yeast. Delivery of naked DNA tem-
plate containing centromere sequences (including otr, imr, and cnt sequences; see
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Fig. 1.2) to wild-type fission yeast strains leads to acquisition of both kinetochore-
forming chromatin (i.e., SpPCENP-A chromatin) and pericentromeric heterochromatin
(Folco et al. 2008). In mutant strains, such as the AClIr4 strain, that are unable to form
pericentromeric heterochromatin, SpCENP-A fails to assemble onto the naked DNA.
If centromeres are initially formed in wild-type cells, however, the established
SpCENP-A-containing chromatin domain persists even after the removal of pericen-
tromeric heterochromatin. De novo centromere assembly on existing chromatinized
DNA along chromosome arms was addressed in a separate study where the entire
centromere region of fission yeast chromosome 1 was deleted (Fig. 1.3; (Ishii et al.
2008)). Isolated survivors of centromere deletion were analyzed to determine the fate
of the acentric chromosome 1. A subset of survivors recombined by telomere fusion
with one of the other chromosomes (26%), while the major rescue pathway used in
all other isolates was via neocentromere formation at sites lacking any centromere
sequences. By contrast, rescue by neocentromere formation was rare (5—-10% of
survivors) in strains lacking the HP1 orthologue Swi6, Dicer (Dcrl), or the histone
methyltransferase Clr4, each required for pericentromeric heterochromatin formation
(Hall et al. 2002; Volpe et al. 2002). The findings of these two recent studies support
the general notion that local chromatin environment is important for de novo centro-
mere formation, but that once CENP-A marks the location of the centromere it is
epigenetically maintained independently of pericentromeric heterochromatin.

a foxP loxP
—[E—< ofr >{imr1>{ cnt1 }<imr1}< ofr %[E'—
\ CEN |
b Neocentromere
Formation

+ Cre

Recombinase

—_ + - .

Fig. 1.3 Assay for neocentromere formation in S. pombe. (a) Engineered loxP sites flank the
centromere of chromosome 1 for Cre-mediated excision (Ishii et al. 2008). (b) Inducible
centromere excision leads to the formation of a minichromosome circle containing the centro-
mere as well as an acentric chromosome. Cells surviving such centromere excision typically
form a neocentromere on a chromosome arm site lacking any of the sequence elements found at
the normal centromeres
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1.4 The Maize Centromere

DNA repeats that underlie centromeres are greatly expanded (megabases) in plants
and animals, as compared with yeast discussed earlier, and are typically comprised
of more than one type of repeat. The centromeres of Zea mays are one such example
with two sets of repeated elements that are found at the centromeres — the CentC
repeats and the “maize centromere retroelements” (CRMs). CentC repeats are short
(156 bp) and are repeated in tandem (Ananiev et al. 1998a). These repeats are
intermingled with CRM repeats and form domains that range in size from ~0.3 to
>2.8 Mbp (Jin et al. 2004; Chap. 6 in this book). In addition, the maize genome contains
a wide variety of transposable elements, some of which are distributed uniformly
throughout the arms and others are concentrated at centromeres (Ananiev et al. 1998a;
Mroczek and Dawe 2003; Kato et al. 2004). All three classes of elements are found
on each maize centromere, but their relative ratios vary widely (Ananiev et al.
1998a; Jin et al. 2004; Kato et al. 2004). The maize CENP-A orthologue, ZmCENP-A
(also known as CenH3), is found, presumably incorporated into centromeric
nucleosomes, on both CentC and CRM elements (Zhong et al. 2002; Jin et al. 2004).
An additional constitutive centromere component, CENP-C, is also found associated
with the same repetitive DNA sequences (Dawe et al. 1999). Intriguingly, CentC
repeats and CRM element are transcribed, generating 40-200 nt small RNAs that are
found stably bound to ZmCENP-A-containing chromatin (Topp et al. 2004). It should
also be noted that centromeric repeats have been proposed to play a role in establishing
RNAI dependent heterochromatin at rice centromeres (Neumann et al. 2007).

1.4.1 Epigenetic Centromere Silencing to Exit
Breakage-Fusion-Bridge Cycles

Maize was recently used to assess epigenetic centromere inactivation (Han et al.
2006). The formation of dicentric chromosomes can result from a nondisjunction event,
whereby two homologous chromosomes remain fused in meiosis. Such dicentric
chromosomes subsequently enter the breakage-fusion-bridge cycle (BFB), which was
originally described by McClintock (McClintock 1939, 1941). When the fusion occurs
between an essential and a nonessential chromosome (called a “B chromosome” in
maize), it is possible to study the consequences of such an event as its rearrangement
does not have a deleterious phenotypic outcome (Zheng et al. 1999). The B chromo-
some derivative, B9-Dp9, forms a dicentric chromosome undergoing BFB cycles, but
could potentially exit these cycles either by adding a telomere to one of the broken ends
or by inactivating one of the two centromeres (Fig. 1.4). Out of the 23 chromosomes
that have exited BFB cycles, six stable dicentric chromosomes were identified.
Strikingly, all six had inactivated one of its centromeres (Han et al. 2006). These
findings indicate that centromere inactivation through epigenetic silencing is prevalent
even in the absence of any genetic selective pressure.
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Heal Broken Ends by Telomere Addition and
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Fig. 1.4 Centromere inactivation in Zea mays. B9-Dp?9 is a fusion of a centric fragment of the extra
chromosome B9 and a region of chromosome 9 that contains an inverted duplication. Because of
the presence of the inverted duplication, this chromosome derivative is prone to forming a dicentric
chromosome and undergoing breakage-fusion-bridge (BFB) cycles. The dicentric chromosome
may exit the BFB cycle either through (a) end healing prior to re-fusion or through (b) inactivation
of one of the centromeres of a fused dicentric. In 6 of 23 exit events dicentric chromosomes
remained and all 6 dicentrics had inactivated one of their centromeres (Han et al. 2006)

1.4.2 A Possible Role for DNA Methylation
in Centromere Specification

DNA methylation of centromere sequences is well documented in plants (Hall et al.
2004). A recent study of maize and Arabidopsis centromeres showed that in each
organism a subset of repetitive DNA is hypermethylated, but that the subset of
centromeric DNA associated with CENP-A is hypomethylated (Zhang et al. 2008).
While it is unclear whether or not these differences in DNA methylation play a role in
centromere specification, the recent development of artificial chromosome technology
in maize (Carlson et al. 2007) provides a potential system to assess genetic and
epigenetic determinants of centromere establishment and maintenance in this plant.

1.4.3 Meiotic “Classical” Neocentromeres

Epigenetic chromosome segregation phenomena were studied in plants for dec-
ades before epigenetic centromere specification was known to occur in other
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eukaryotic kingdoms. Interestingly, many of the original observations were made
in maize. These include chromosome features that were the first to be termed
“neocentromeres” (now termed ‘“‘classical neocentromeres”; reviewed in (Dawe
and Hiatt 2004)). As opposed to heritable neocentromeres that have been described
in other kingdoms (and recently described in the barley plant as well (Nasuda et
al. 2005)), classical neocentromeres are restricted to the plant kingdom. They lack
known centromere components (including CENP-A and CENP-C orthologues
(Dawe et al. 1999; Zhong et al. 2002)), are found in meiotic but not mitotic cells,
lack the ability to mediate sister chromatid cohesion, and do not mediate chromo-
some biorientation on the meiotic spindle (Rhoades and Vilkomerson 1942; Yu et
al. 1997; Hiatt et al. 2002; Mroczek et al. 2006). Classical neocentromeres of
maize form on repetitive DNA sequences (so-called 180-bp repeats and TR1 ele-
ments) that are distinct in sequence from the CentC, CentA, and CRM that are
typically found at bona fide maize centromeres (Peacock et al. 1981; Dennis and
Peacock 1984; Ananiev et al. 1998b; Mroczek and Dawe 2003). When taken at
face value, unlike neocentromeres in other systems, classical neocentromeres in
plants are not directly relevant to the epigenetic pathways that specify the location
of fully functional (and heritable) centromeres. It should be noted, however, that
the sites used for classical neocentromere formation occur at large heterochro-
matic regions that are cytologically distinct from bulk chromatin, leading to their
name ‘“knobs.” While the molecular mechanisms of classical neocentromeres
remain unclear, these knobs are able to make microtubule attachments during
female meiosis and move poleward during anaphase (Rhoades and Vilkomerson
1942; Yu et al. 1997). The attachments made at the knob neocentromere are unu-
sual in that the attachment is made laterally instead of end-on, producing a thin
chromatin fiber extension directed to the pole (Yu et al. 1997). Atypical meiotic
spindle connections have also been reported in the holocentric centromere of the
worm Caenorhabditis elegans at a cup-like kinetochore structure lacking underly-
ing centromeric chromatin containing its CENP-A orthologue (Monen et al.
2005). It seems likely that atypical meiotic chromosome connections to the spindle
are more pervasive than previously thought in the context of the enormous diver-
sity found throughout eukaryotic chromosome biology.

1.5 The Fruit Fly Centromere

The identification of the DNA elements present in the Drosophila melanogaster
centromere was made possible by utilizing a stable, nonessential X chromosome-
derived minichromosome, Dp1187, which contains a functional centromere (Karpen
and Spradling 1990, 1992; Tower et al. 1993; Le et al. 1995; Murphy and Karpen
1995; Sun et al. 1997, 2003). Using y-irradiation induced breakage of Dp1187, its
centromere was mapped to ~400 kb that contains both transposable elements as
well as satellite repeats (Murphy and Karpen 1995; Sun et al. 1997, 2003). Generally
the repeats are AT rich and are organized into discrete blocks where the smallest
monomeric repeat unit is only 5 bp in length. Importantly, the repetitive sequence
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elements mapped to the functional centromere are not limited to centromeric regions,
thereby indicating that this DNA sequence is not sufficient for centromere specifi-
cation in the fly. The transposable elements found at the Dpl187 centromere are
also found in several other regions of the genome, thus there is no single identifi-
able genetic element that is sufficient for centromere inheritance.

1.5.1 Spreading the Epigenetic Centromere Mark

With strong hints of an epigenetic mechanism at work at the fruit fly centromere,
including the finding that centromere activity could be acquired on non-centromeric
DNA (Williams et al. 1998), Karpen and colleagues developed a genetic system to
assess centromere spreading onto DNA sequences previously lacking centromere
function (Fig. 1.5; (Maggert and Karpen 2001)). Three chromosome derivatives
with distinct test fragment positions were used: adjacent to centromeric chromatin,
adjacent to pericentromeric heterochromatin, or adjacent to euchromatin. Upon the
release of the test fragment from its chromosomal niche by irradiation, only the one
located next to centromeric chromatin was able to maintain mitotic stability having
acquired a functional centromere. This result indicates that the centromeric “mark”
can spread along the chromosome. DNA modifications (such as DNA methylation),
post-translational modification of histones or other components of centromeric
chromatin could potentially generate this spreadable mark. One such centromeric
chromatin component is DmCENP-A (also referred to as CID), which has emerged
as an attractive candidate to mark the fruit fly centromere (Henikoff et al. 2000;
Blower and Karpen 2001).

Free the
Test Fragment Mitotic Stability?
by Irradiation
Hy+ y+ +
op-25 N e o R - - o
ryHy+ o e ryHy+
Dpy238 Heterochromatin —> 00 @

y+

+ +
R T Euchromatin | g6 — o
L 1

Test Fragment

Fig. 1.5 Centromere spreading in Drosophila melanogaster. The position of the “test frag-
ment” relative to the centromere on derivatives of the Dpl187 minichromosome affects the
ability of this fragment to obtain mitotic stability by acquiring centromere function (Maggert
and Karpen 2001)
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1.5.2 Higher-Order Chromatin Organization

The higher-order chromatin organization of the centromere in fruit flies has also
been described and many aspects appear to be conserved in mammals. Consistent
with prior chromosome stretching experiments that generated a repeating subunit
model of higher order centromere structure (Zinkowski et al. 1991), the nucleosome
arrangement on centromeres was found to contain DmCENP-A-containing nucleo-
somes and H3-containing nucleosomes in interspersed blocks (Blower et al. 2002).
This suggests a model where the chromatin at centromeres adopts a specialized
three-dimensional conformation so that all of the DmCENP-A-containing nucleosomes
are clustered together on the surface of the centromere, at the foundation of the
kinetochore, whereas the H3-containing nucleosomes are within the inner centromere,
between sister kinetochores. Such organization has been envisioned to occur either
by a looping or by a coiling organization (Blower et al. 2002). Characterization of the
post-translational modification status of the intervening H3-containing nucleosomes
revealed a de-enrichment for di- and tri- methylation of Lys9 on histone H3 relative
to the enrichment at neighboring pericentromeric heterochromatin (Sullivan and
Karpen 2004). These studies raise the central question of the modification state of
centromeric nucleosomes. However, to date, the modification state of DmCENP-A,
as well as its relatives in other eukaryotes, remains largely elusive.

1.5.3 Centromere Marking by CENP-A-Containing Nucleosomes

Central questions remain unanswered regarding how the initial centromere mark is
established. One prediction is that if an array of nucleosomes containing CENP-A
epigenetically marks the centromere location, then the de novo formation of this array
would be sufficient to establish a new centromere. To begin to address this prediction,
DmCENP-A was massively overexpressed and thereby forced to be incorporated into
euchromatin in chromosome arms (Fig. 1.6; up to 70-fold over endogenous levels,

™
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Fig. 1.6 Seeding new centromeric chromatin on chromosome arms. DmCENP-A overexpression
leads to misincorporation into chromosome arms, and these sites occasionally recruit one or more
kinetochore components (Heun et al. 2006)
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Fig. 1.7 Proposed composition of DmCENP-A-containing nucleosomes

enough to replace the bulk of H3-containing nucleosomes present in euchromatin;
(Heun et al. 2006)). Euchromatic CENP-A nucleosomes can be removed and
subsequently degraded by the proteasome (Collins et al. 2004; Moreno-Moreno et al.
2006), leaving some chromosome arm sites that retained high levels of DmCENP-A
(Heun et al. 2006). While damage to endogenous centromeres was expected by
diluting other endogenous centromere proteins during the initial spreading of
DmCENP-A-containing chromatin over the length of each chromosome, cells that
survived contained chromosomes in which one or a few new regions enriched for
DmCENP-A persisted on chromosome arms. These ectopic sites occasionally recruited
one or more kinetochore components. These findings support the hypothesis that
establishing an array of CENP-A-containing nucleosomes generates the epigenetic
mark that is sufficient for de novo centromere formation.

A recent study of DmCENP-A-containing nucleosomes indicated that they are
compact relative to their canonical counterparts containing H3 (Dalal et al. 2007).
The available data are consistent with either a tetrameric nucleosome containing
one copy of each histone or an octameric nucleosome of conventional histone
stoichiometry that is converted into a more compact structure by the presence of
DmCENP-A (Fig. 1.7; (Black and Bassett 2008; Dalal et al. 2007)). In either case,
the unique physical properties conferred by DmCENP-A, which distinguish centro-
meric nucleosomes from bulk chromatin, are central to its ability to epigenetically
mark the fruit fly centromere.

1.6 The Human Centromere

Functional human centromeres are typically found in regions containing megabase
stretches of a specific form of repetitive DNA, termed a-satellite, where the smallest
monomer repeat unit is 171 bp (for a review on a-satellite DNA, see Willard (1991).
Naturally occurring rearrangements of the human X chromosome proximal to the
functional centromere revealed that other types of DNA satellite sequences surrounding
its a-satellite domain can be removed, but the a-satellite domain is retained and
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contains centromeric proteins (Schueler et al. 2001). A potential connection between
centromeric DNA sequences and other centromeric proteins is CENP-B, which is a
sequence-specific DNA binding protein that recognizes a 17 bp sequence, termed
the CENP-B box, that is found in a-satellite repeats (Earnshaw and Rothfield 1985;
Valdivia and Brinkley 1985; Earnshaw et al. 1987; Masumoto et al. 1989). However,
it is unclear which, if any, other centromere components are recruited by CENP-B.
Furthermore, functional human centromeres are defined not by a.-satellite sequences
or CENP-B, but by the presence of other constitutive protein components (such as
CENP-A and CENP-C) and their ability to build a kinetochore at mitosis. As is the case
for all centromeres that have been studied in other eukaryotes, with the exception of
budding yeast, there are important genetic and epigenetic components to be considered
in any discussion of centromere identity. In the study of human centromeres, multiple
avenues of investigation have been fruitful: understanding centromere silencing
and de novo centromere formation in patients with abnormal chromosomes, testing
the requirements for forming human artificial chromosomes (HACs), physical
characterization of the nucleosomes that are the building blocks of centromeric
chromatin, and the elucidation of the cellular pathway that maintains centromere
identity. In this section we discuss many of the major advances in each of these areas.

1.6.1 Chromosomal Rearrangements

Chromosomal abnormalities found in the human population arise from diverse
forms of alterations, including duplications, inversions, deletions, and translocations.
The resulting chromosome products may lack the centromere or contain more than
one centromere. Both cases present a major problem for chromosome segregation
at cell division, and there are clear examples where centromere activity is silenced
or generated de novo to ensure that one and only one active centromere exists on
the abnormal chromosome.

When a dicentric chromosome arises via a fusion event where the two centromere
loci are spaced sufficiently far apart (>12 Mbps; (Sullivan and Willard 1998)), one
of the two centromeres is inactivated to avoid multiple attachments to the spindle
that would have a propensity to cause chromosome breakage on the spindle (akin
to the behavior of the dicentrics in the breakage-fusion bridge cycles in maize,
described in Sect. 1.4.1). Centromere inactivation, generating a pseudodicentric
chromosome with one functional centromere, does not require additional DNA
rearrangements at the centromere locus. Rather, megabase stretches of a-satellite
sequences remain at the inactive locus, suggesting an epigenetic mechanism of
inactivation that warrants further investigation (Fig. 1.8a).

The reciprocal chromosome segregation problem arises in the case of acentric
chromosome fragments lacking an endogenous centromere (Fig. 1.8b). Such segments
would be genetically unstable unless they are able to rapidly generate a new functional
centromere. The first descriptions of such neocentromeres emerged in the 1990s
and there are now >90 known cases of human neocentromeres, with representative
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cases on nearly every chromosome (Marshall et al. 2008; Chap. 5 in this book). The best
characterized neocentromere is on a chromosome 10 fragment, termed mardel(10)
(Fig. 1.8c; (Voullaire et al. 1993; du Sart et al. 1997; Barry et al. 1999, 2000; Chueh
et al. 2005; Lo et al. 2001a)). Mardel(10) is mitotically stable (Voullaire et al. 1993)
and lacks detectable a-satellite DNA. The other cases where the neocentromere has
been closely mapped (Lo et al. 2001b; Alonso et al. 2003; Cardone et al. 2006)
support the general view that neocentromere formation does not require any further
chromosomal rearrangements that would yield new locations of a-satellite DNA
or any other detectable repetitive sequences. Rather, the prevailing view is that
neocentromere formation in humans occurs by an epigenetic mechanism.

Of the proteins that discretely localize to centromeres, CENP-B is unique in that
it follows a-satellite DNA sequences irrespective of the functional state of the
centromere. In other words, CENP-B remains at the silenced centromeres of pseudodi-
centric chromosomes (Earnshaw et al. 1989; Sullivan and Schwartz 1995; Warburton
et al. 1997) and is not recruited to neocentromeres (Voullaire et al. 1993; Saffery et al.
2000). Along with the finding that the mouse version of CENP-B is dispensable for
viability as well as meiotic and mitotic centromere function, a general view has emerged
that CENP-B and its recognition element (the CENP-B box) within a-satellite repeats
is irrelevant to centromere function. This view has been challenged by experiments
with artificial chromosomes to monitor the establishment of centromere identity
(discussed below in Sect. 1.6.3). Other proteins, such as CENP-A, CENP-C, and
CENP-H, that discretely and constitutively localize to normal centromeres track
with functional centromeres on rearranged chromosomes: absent from inactive
centromeres and present at neocentromeres (Sullivan and Schwartz 1995; Warburton
et al. 1997; Sugata et al. 2000; Warburton et al. 2000).

1.6.2 Neodicentric Chromosomes

Both the silencing of a centromere in dicentric chromosomes, as well as the formation
of neocentromeres in acentric chromosomes in human patients is expected to occur
under strong selective pressure, as each of these epigenetic events rescues the impacted
chromosome from peril at cell division. However, more recent findings with intact
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Fig. 1.8 Pseudodicentric, neocentromeric, and neodicentric chromosomes. (a) Dicentric chromo-
somes typically arise through chromosome fusion. When this happens, the dicentric chromosome
may achieve mitotic stability and avoid breakage on the spindle by inactivating one of its centromeres.
This forms a pseudodicentric chromosome that contains two distinct a-satellite loci (shaded in
black), but only one of which acts as a functional centromere. (b) Genetic rearrangement leading
to the formation of an acentric chromosome. Mitotic stability is regained through neocentromere
formation at a locus lacking a-satellite repeats. (¢) The Mardel(10) neocentromeric chromosome
(right) was the acentric product of an internal recombination event that looped out the endogenous
centromere (circular mini-chromosome, rdel(10), left). (d) Epigenetic centromere repositioning on
neodicentric chromosomes occurs when the functional centromere relocates to a non-alphoid
locus in the absence of any DNA rearrangements
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chromosomes where centromere location has repositioned to a chromosome arm
site lacking a-satellite sequences — so-called pseudodicentric/neocentromeric or
neodicentric chromosomes — have called this notion into question. Following three
suggestive examples on the Y chromosome where the centromere had relocated
(Bukvic et al. 1996; Rivera et al. 1996; Tyler-Smith et al. 1999), two recent descriptions
of autosomes with such centromere repositioning events were described (Amor
et al. 2004; Ventura et al. 2004). One of these involved a repositioned centromere
on chromosome 4, where the original centromere location, now epigenetically silenced,
retains >1 Mbp of a-satellite DNA (Fig. 1.8d; (Amor et al. 2004)). The mechanism
of such centromere repositioning is unclear, but any simple scenarios not requiring
chromosomal fragment intermediates would lead to a model where either centromere
inactivation or neocentromere formation can occur without any selective pressure.
Beyond this, the fact that reversion of the centromere back to the original location
does not occur in the individuals, their offspring, or even after long term culturing of
their cells (Amor et al. 2004; Ventura et al. 2004) lends strong support to a model of
centromere identity wherein once DNA is marked by an array of CENP-A-containing
nucleosomes, a new centromere location is epigenetically maintained in perpetuity.

1.6.3 Artificial Chromosomes

Human artificial chromosomes (HACs) hold the promise as vectors for gene delivery,
and provide powerful tools for fundamental investigations of centromere structure and
function. Acquisition of a functional centromere appears to be the most important step
in generating a functional HAC, as the HAC templates that fail to achieve autonomous
chromosome segregation behavior integrate into an existing chromosome (Haaf et al.
1992; Larin et al. 1994; Warburton and Cooke 1997). While the efficiency of HAC
formation is low even in the best cases using a-satellite-containing templates for
centromere formation, non-alphoid templates completely fail to form HACs
(Harrington et al. 1997; Henning et al. 1999; Ikeno et al. 1998; Masumoto et al.
1998; Ebersole et al. 2000; Saffery et al. 2001; Schueler et al. 2001; Grimes et al.
2002). Starting with a heroic cloning effort, Masumoto and colleagues mutated the
CENP-B box of a single a-satellite monomer and multimerized it to generate an
~70 kb HAC template mimicking o-satellite DNA but lacking any functional
CENP-B boxes (Ohzeki et al. 2002). These mutant HAC templates fail to form
functional HACs, as do a-satellite HAC templates in cells lacking endogenous
CENP-B protein (Ohzeki et al. 2002). HAC formation remains a rare event, with
most integrating into host chromosomes, as mentioned earlier. A clue as to why this
might be so was revealed by monitoring the recruitment of CENP-B and CENP-A
to HAC templates by chromatin immunoprecipitation in the days following HAC
template transfection (Fig. 1.9; (Okada et al. 2007)). While full levels of CENP-B
are recruited in the first timepoint (one day following transfection), CENP-A is not
recruited appreciably for four days, suggesting that several cell divisions are
required to establish centromeric chromatin in mammalian cells.
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Fig. 1.9 CENP-B is involved in an early step in centromere establishment on HAC DNA. CENP-B
rapidly accumulates on wild type (WT) but not engineered CENP-B-box mutant (MT) arrays in a
contiguous HAC construct. Initial CENP-A assembly does not occur for several days, and it is only
able to assemble on WT arrays bound by CENP-B (Okada et al. 2007)

Once established, centromeric chromatin in mammalian cells is sensitive to specific
forms of perturbation in neighboring chromatin domains (Fig. 1.10; (Nakano et al.
2008)). HACs engineered with interspersed o-satellite repeats containing either
CENP-B boxes or tetracycline operator sites (tetO) enable the targeting of proteins of
interest fused to the tetracycline repressor (tetR). While targeting of a transcriptional
activator (tTA) had a modest affect on HAC stability, a dramatic loss of HAC stability
was observed by targeting of the transcriptional silencing domain from the Kidl
protein. This correlated with a loss of CENP-A, CENP-B, and CENP-C, a local
accumulation of H3 nucleosomes modified with a dimethylation at Lys4, and a
spreading of the silenced chromatin into the neighboring antibiotic resistance gene on
the HAC construct. Direct targeting of heterochromatin protein 1-a. (HP1at) causes
a similar loss of CENP-C, supporting the notion that HP1a accumulation commonly
found in pericentromere regions is mutually exclusive from the kinetochore-forming
portion of the centromere responsible for its specification.
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Fig. 1.10 Inactivating centromeres on engineered HACs. Tetracycline repressor (tet-R) fusions are
used to target transcriptional activators (tTA) or silencers (tTS) to functional, mitotically stable
HACs carrying tetracycline operator (tet-O). Transcriptional silencers promote heterochromatin
formation, which destabilizes the HAC (Nakano et al. 2008)

1.6.4 Mechanisms to Maintain Centromere Identity

CENP-A has emerged as the key determinant of centromere identity as it is always
found at functional centromeres, is absent from inactive centromere, and is a subunit
of an octameric histone core that wraps DNA. Critical questions have been pursued
in recent years. How does CENP-A physically differentiate the chromatin into
which it is assembled from the rest of the chromosome? How is newly expressed
CENP-A protein targeted to centromeres? When during the cell cycle does this occur?

To serve as an epigenetic determinant of centromere identity, CENP-A must
distinguish the chromatin into which it is assembled from bulk chromatin at the level
of an individual nucleosome and/or at the level of the array of 10°~10* nucleosomes it
forms at each centromere. This could be achieved in a manner similar to other
well-studied epigenetic marks, such as those carried by self-perpetuating histone
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modifications (Hake and Allis 2006). These post-translational modification-based
marks are recognized by specific chromatin binding proteins that drive the local
recruitment of the histone modifying enzymes themselves, thus perpetuating the
epigenetic mark. CENP-A may mark the centromere in a related but physically distinct
manner, taking advantage of the unique conformational rigidity of the nucleosomes
into which it is assembled (Black et al. 2007a). This rigidity is conferred by the
loop 1 and a2-helix within its histone fold domain, a region termed the CENP-A
targeting domain (CATD) that includes 22 amino acid changes relative to histone
H3 (Fig. 1.11; (Black et al. 2004, 2007a)). If this unique structure recruits a
protein(s) that in turn promotes the recruitment of newly expressed CENP-A, then
the important unit of the epigenetic centromere mark is an individual nucleosome.
If, however, the unique structure drives self—self interactions that culminate in
higher order chromatin folding (such as the coalesced CENP-A array proposed by
Sullivan, Karpen and colleagues; (Blower et al. 2002; Schueler and Sullivan 2006))
that is recognized by proteins participating in CENP-A recruitment, then the important
unit of the epigenetic centromere mark is the higher order CENP-A nucleosome array.
In either scenario, components of the CENP-A nucleosome associated complex
(CENP-AMC) (Fig. 1.12; CENP-C, CENP-H, CENP-M, CENP-N, CENP-T and

Centromere
ina?
CENP-A L1 L2 Targeting?
N aN & al a2 faal i@ C Yes
H3 L1 L2
H3 + a2 L1 L2
H3+L1 L1 L2

a2 (ealee

L1+ a2=CATD

Fig. 1.11 Essential structural elements of the CENP-A targeting domain (CATD). Loop 1 (L1) and
the o2 helix of human CENP-A together form the CATD that is sufficient to direct H3 to the
centromere (Black et al. 2004; Black et al. 2007b)
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CENP-A Nucleosome
Distal Proteins (CAD)

CENP-A Nucleosome
Associated Complex (NAC)

CENP-A Nucleosome

Fig. 1.12 The CENP-A nucleosome associated complexes. CENP-A nucleosomes co-purify with
members of the CENP-ANC that are constitutively found at centromeres (Foltz et al. 2006; Obuse
et al. 2004; Okada et al. 2006). A more distal complex, CENP-AP, contains several additional
constitutive centromere components

CENP-U(50) (Obuse et al. 2004; Foltz et al. 2006; Okada et al. 2006)) are excellent
candidate molecules for recognizing the mark specified by the unique chromatin
generated by the incorporation of CENP-A.

The cis-acting information for targeting newly expressed CENP-A to functional
centromeres is contained within the CATD (Black et al. 2004, 2007b). Since specific
cellular pathways exist for regulating the deposition of the bulk H3 variants H3.1
and H3.3, it seems likely that a mechanism exists to recognize CENP-A via the
CATD in a pathway that maintains the epigenetic centromere mark. H3.1 and H3.3
are nearly identical, varying at five amino acid positions, yet they are recognized by
different histone chaperone complexes: CAF1 and HIRA, respectively (Smith and
Stillman 1989; Ray-Gallet et al. 2002; Tagami et al. 2004). CAF1 loading of H3.1
is coupled to replication, while HIRA loading of H3.3 occurs throughout the cell
cycle (Worcel et al. 1978; Wu et al. 1982; Ahmad and Henikoff 2002; Ray-Gallet
et al. 2002; Tagami et al. 2004). The loading of newly expressed CENP-A is uncoupled
from DNA replication (Shelby et al. 2000). Rather, it is produced early in the G2
phase of the cell cycle (Shelby et al. 2000) but does not load onto centromeres until
late telophase of mitosis and the first few hours of the subsequent G1 phase (Jansen
et al. 2007; Schuh et al. 2007; Hemmerich et al. 2008). At a minimum, it is expected
that the CATD delineates newly expressed CENP-A from the H3.1 and H3.3
chromatin deposition pathways. It is also quite likely that the CATD accesses a
dedicated centromeric chromatin assembly pathway. At the final step of the pathway,
assembly into centromeric nucleosomes, a centromere priming event has been
proposed to involve the human orthologue of the S. pombe Misl8 protein and
Mis18BP1/KNL2 (Fujita et al. 2007; Maddox et al. 2007), each of which is required
for new CENP-A nucleosome assembly, and each of which transiently visit the
centromere during a time window overlapping of CENP-A assembly.
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1.7 Outlook

Our knowledge of how centromeres are specified has come from the study of many
diverse eukaryotic species. We have highlighted five species that have been particu-
larly helpful in shaping the current view. Certainly, many key questions remain
unanswered. For example, the fundamental unit of centromeric chromatin, the
CENP-A nucleosome, remains to be structurally elucidated on the atomic level, and
its very composition has emerged recently as an area that requires additional experi-
mentation. Furthermore, despite recent progress, the pathway for CENP-A assem-
bly into nucleosomes is not well understood in any eukaryote. The paradox of the
centromere persists due to the seemingly discordant findings that a-satellite
sequences are dispensable for centromere function on naturally occurring chromo-
some variants, yet the same sequences are required for detectable levels of de novo
HAC formation. The physical relationship between CENP-A-containing nucleo-
somes and o-satellite DNA, therefore, requires further investigation. All these
questions are fundamental to our understanding of the chromosomal locus that
ensures the integrity of the genome at cell division.

Note added in proof We call attention to two studies (Foltz et al. 2009, Centromere
specific assembly of CENP-A nucleosomes is mediated by HIURP, Cell, in press;
Dunleavy et al., 2009, HIURP, a key CENP-A-partner for maintenance and deposi-
tion of CENP-A at centromeres at late telophase/G1, Cell, in press) embering during
the editing and production of this chapter. These studies independently identified
HJURRP as a trans-acting histone chaperone that is essential for CENP-A deposition
at human centromeres. Furthermore, Foltz and colleagues found that recognition of
CENP-A by HJURP is mediated through the CATD.
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Abstract Centromeres are far more complex and evolutionarily labile than
expected based on their conserved, essential function. The rapid evolution of both
centromeric DNA and proteins strongly argue that centromeres are locked in an
evolutionary conflict to increase their odds of transmission during asymmetric
(female) meiosis. Evolutionary success for “cheating” centromeres can result in
highly deleterious consequences for the species, either in terms of skewed sex ratios
or male sterility. Centromeric proteins evolve rapidly to suppress the deleterious
effects of “centromere-drive.” This chapter summarizes the mounting evidence in
favor of the centromere-drive model, and its implications for centromere evolution
in taxa with variations in meiosis.
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2.1 Centromere Complexity in Eukaryotes

Centromeres provide a universal means to faithfully segregate chromosomes in
eukaryotes. They are the chromosomal sites that act as binding sites for microtu-
bules that mediate the mechanical force that pulls chromosomes or chromatids
apart during meiosis and mitosis. Despite this conserved function, centromeres can
dramatically range in size and complexity. The simplest centromeres are the 125 bp
point centromeres in Saccharomyces cerevisiae (Fitzgerald-Hayes et al. 1982).
More complex centromeres are found in fission yeast Schizosaccharomyces pombe
(Clarke and Baum 1990; Wood et al. 2002). In contrast, centromeres in plants and
animals are highly complex and consist of hundreds of kilobases of long arrays of
satellite repeats (Copenhaver et al. 1999; Schueler et al. 2001). A further degree of
complexity is evidentin the centromeres of holokinetic organisms like Caenorhabditis
elegans, centromeric determinants dispersed throughout the length of the chromosome
that coalesce at metaphase, such that each centromere runs the entire length of the
chromosome (Buchwitz et al. 1999) although it appears that meiotic chromosome
segregation may be dramatically different from mitosis in such cases (Monen et al.
2005). On the other end of the spectrum from holokinetic organisms are human
neocentromeres, which appear to lack any tandemly repetitive sequence whatsoever
(Lo et al. 2001). In Drosophila melanogaster, centromeric satellites can be found
in distal blocks from the centromeres, some of which have weak centromeric activity
(Platero et al. 1999). Centromeric and heterochromatic sequences are almost indis-
tinguishable in the best studied Drosophila centromere (Sun et al. 2003). Similarly,
in the human genome, it is unclear what subset of a-satellites are centromeric versus
heterochromatic.

There are large technical challenges associated with sequencing and assembling
highly repetitive centromeric regions in eukaryotes. Despite this, a picture of centromere
complexity and the events that shape their evolution has emerged from herculean
sequencing and assembly efforts in diverse organisms. The 420 kb long Dpl187
minichromosome in D. melanogaster (Sun et al. 2003), the 750 kb centromere on
rice chromosome 8 (Nagaki et al. 2004), and the human X centromere (Schueler et al.
2001) are examples of assembly efforts that have led to a detailed picture of the
heterochromatin-centromere boundary in complex centromeres. For instance, the
assembly of the human X centromere indicated a highly homogeneous region of
a-satellite repeats at the “core” of centromeres. This core is flanked by satellite
repeats with a gradient of increased heterogeneity (accumulated mutations) and
transposon insertions with physical distance away from the core. Analysis of mutations
and insertions in the flanking region led to the surprising model that the extant X
centromere a-satellite is young and probably arose only in the great apes (Schueler
et al. 2001). These studies are still akin to looking at the “flotsam on the beach”
(the boundaries of centromeres) and to decipher what the “middle of the ocean” (the
homogeneous centromeric satellites in the middle of the array) might look like.

Nevertheless, these findings have been instructive. They support the simple
mutation-recombination balance model where recombination (either unequal cross-
ing over or gene conversion) is the underlying force that homogenizes centromeric
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repeats in the middle of an array, balanced by mutation and transposition in the
flanks (Malik and Henikoff 2002; McAllister and Werren 1999, see Chap. 3 in this
volume). Adding to the complexity of centromeric regions within a species is the
finding that satellite DNA sequences can change quite rapidly between closely
related species. For instance, there is very little overlap between the centromeric
satellite sequences of Drosophila melanogaster and D. simulans, in spite of the fact
that many satellites are shared between the two species (Lohe and Brutlag 1987).
Satellite repeats in rice centromeres also have been found to have dramatically
changed over short evolutionary periods (Lee et al. 2005; see Chap. 6 in this volume).
Similarly, the human X centromeric satellite appears to be only as old as the great
apes (Schueler et al. 2001). In several instances, homologous chromosomes in
closely related primate species bear different, non-orthologous a-satellite sequence
variants (Haaf and Willard 1997; Samonte et al. 1997). Thus, centromeric regions
evolve rapidly between species.

2.2 Rapid Evolution of Centromeres is not Due
to Relaxed Selective Constraint

Studies on centromeric DNA paint a highly dynamic picture of centromere evolution,
but they do not provide a rationale for this rapid evolution and large-scale accumulation
of satellite repeats. Indeed, several theoretical studies have pointed out the inade-
quacy of mutation and recombination alone to explain increased array sizes, suggesting
that selection must play a role in their evolution (Charlesworth et al. 1994; Stephan
1989; Stephan and Cho 1994; Walsh 1987). There is precedent for the view that
alterations in numbers and sequences of DNA-satellite repeats can have fitness con-
sequences. Pericentric satellites have been shown to contribute to a fitness difference
within D. melanogaster strains (Wu et al. 1989). Yet another pericentric satellite
contributes to hybrid inviability between D. simulans/D. melanogaster interspecific
hybrids (Sawamura and Yamamoto 1993; Sawamura et al. 1993).

In human centromeres, o-satellites are organized at the centromeres into two
types of repeat structures. At the “central core” of centromeric regions, o-satellites
are found in a repeat unit that consists of multiple monomers. This multi-monomer
unit is repeated over and over to make up a higher-order array. Higher-order arrays
of a-satellite are the typical sequence organization of centromere regions of humans
and can stretch for megabases of DNA that is largely uninterrupted by any kind of
insertion or mutation. For example, the repeat unit length of the central core of the
human X chromosome is ~2 kb, comprised of twelve 171-bp monomers of an evo-
lutionarily young DXZ1 a-satellite (Schueler et al. 2001). Surrounding this “central
region” are a-satellites found in monomeric units. These a-satellites are considered
pericentric; while they may serve important roles in chromosome segregation, they
do not recruit centromeric and kinetochore proteins. It is highly likely that monomeric
a-satellite structures actually represent the ancestral state of the primate centromeres.
Present-day heterochromatic a-satellites might be an evolutionary relic of ancestrally
centromeric o-satellite that have lost centromeric function, and accreted to the edges
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of the array, acquiring mutations and transposon insertion events, whereas the “central
core” is cleansed of mutations and insertions by recombination.

What are the selective constraints that might act on centromeric DNA? One form
of selection could be simply purifying selection to maintain an uninterrupted,
homogeneous array of a minimum size, so that it can form a functional centromere
(e.g., the higher order uninterrupted array of DXZ1 satellites on the human X chro-
mosome). This can explain the highly homogeneous centromeric satellites found at
the core of most centromeres. One can evaluate additional selective constraints act-
ing on centromeric DNA by comparisons of the centromeric central core to the peri-
centric monomer units. The pericentric monomers provide a good yardstick for
this comparison because they are presumed to be selectively neutral (or nearly so).
Comparison of the monomeric units and centromeric higher-order array units from
orthologous chromosomes (e.g., chimp vs. human) leads to the surprising finding
that the centromeric arrays from different species are more divergent than the
pericentric units (Rudd et al. 2006). These findings are counter-intuitive because
the centromeric a-satellite array is the functional centromere and is under stringent
selective constraint, while the pericentric a-satellites are not.

It is important to point out that there is no a priori expectation that satellite
repeats should evolve faster than nonrepetitive DNA in the absence of any biases
introduced by selection. This is because mutations in any particular satellite repeat
(introduced with a mutation rate, () have a probability of fixation that is propor-
tional to their initial incidence (1/2N, where 2N are the number of repeat units in
arrays on both homologous chromosomes). Thus, the overall likelihood for any
mutation spreading to fixationsummed over the entire array equals 2N times u/2N,
which equals the mutation rate (1) for nonrepetitive DNA.

In sum, one is left with the paradoxical observation that the satellite units that
are most constrained within a species have evolved most rapidly between species.
It is this paradoxical observation that leads to the idea that some selective force
must actively drive the rapid fixation of mutations at centromeric satellites by
imposing a bias in favor of retaining mutations. Intriguingly, rapid evolution of
centromeric satellites is not only seen in primate and Drosophila centromeres, but
also dramatically in the case of plant centromeres (Lee et al. 2005). A recent study
has also found that budding yeast centromeric DNA is one of the most rapidly
evolving components of the S. cerevisiae genome, although here it is more likely
that increased mutational rate at the centromere is the likely explanation (Bensasson
et al. 2008).

2.3 Centromeric Histones Epigenetically Define
Centromeres in Most Eukaryotes

The notion that centromeres are epigenetically, and not genetically, defined in most
eukaryotes is the subject of Chap. 1 of this volume. Instead of covering all the
evidence in favor of the epigenetic model here, the reader is directed to that chapter
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for all the pertinent information. In this chapter, we focus on the likely “mark™ of
epigenetically defining centromeres: the centromeric histone variant and nucleo-
somes bearing this variant. Centromeric histones (CenH3s) are variant members of
the Histone H3 family of proteins. Initially discovered as the CENP-A protein in
mammals (Palmer et al. 1987), CenH3s are now found to be encoded by a single
gene in every eukaryotic genome studied so far (Malik and Henikoff 2003) and are
essential for accurate chromosome segregation (Blower and Karpen 2001; Buchwitz
et al. 1999; Stoler et al. 1995). They substitute for canonical H3 in variant nucleo-
somes (Sullivan et al. 1994; Yoda et al. 2000, 2004) and their localization can
discriminate between the centromere and the surrounding heterochromatin
(Takahashi et al. 2000). Thus, CenH3s provide a faithful marker of centromere
identity throughout the entire range of centromere sizes, from the point centromeres
of S. cerevisiae to the holokinetic centromeres of C. elegans (Buchwitz et al. 1999;
Stoler et al. 1995).

2.3.1 Distinguishing Features of Centromeric Histones

Centromeric histones differ from canonical histones in four key sequence features,
highlighted in Fig. 2.1 (Malik and Henikoff 2003; Shelby et al. 1997; Sullivan et al.
1994). First, while canonical H3s in all eukaryotes have a well-conserved
N-terminal tail, the N-terminal tails of CenH3s vary in both length and sequence
and cannot be aligned across different lineages (Fig. 2.1a). Second, all CenH3s
have a longer Loopl region than canonical H3s. Loopl is one of the principal
DNA-interaction domains for H3 (Luger et al. 1997), and the longer Loopl of
CenH3s has been inferred to allow them a greater DNA-binding specificity (Shelby
et al. 1997). Recent studies have also firmly established that Loop1 and helix a2 of
the CenH3s together represent a centromeric targeting domain (CATD), which
specifically distinguishes CenH3s from canonical histone H3 (Black et al. 2004).
Indeed, making a chimeric H3 that possesses a CATD from a CenH3 is capable of
localizing and functioning in mitosis in both budding yeast and human cells (see
Chap. 1) (Black et al. 2007). Finally, in a comparison of just the core histone fold
domains (HFD), we found that CenH3s appear to have evolved more rapidly in
contrast to canonical histone H3 (Henikoff et al. 2001; Malik and Henikoff 2003)
(Fig. 2.1b). This suggests either that CenH3s are less constrained than canonical H3
or that they are subject to rapid evolution (see Sect. 4.2.2).

Recent studies indicate that CenH3-containing nucleosomes are present in
distinct blocks interspersed with blocks of canonical H3-containing nucleosomes
(Ahmad and Henikoff 2002; Blower et al. 2002) (Fig. 2.1c). The proportion of
centromeric DNA packaged by CenH3-nucleosomes is likely determined by the
dynamics and affinity of CenH3 vs. canonical H3 nucleosomes for binding (Blower
et al. 2002; Nagaki et al. 2004). For instance, over-expression of heterochromatin
proteins can encroach onto centromeric DNA and affect chromosome segregation
(Halverson et al. 1997, 2000). This suggests that CenH3s epigenetically delineate
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Fig. 2.1 Comparison of canonical and centromeric H3 proteins (Henikoff et al. 2001). (a) Canonical
and centromeric H3 proteins showing that the N-terminal tail in CenH3s is not as well conserved as
in canonical H3s. (b) Neighbor-joining phylogeny of the HFD domains indicates that CenH3s are
more rapidly evolving (longer branch lengths). (¢) CenH3 and canonical nucleosomes are present in
interspersed blocks in the centromere “core,” but pericentric heterochromatin and euchromatin (not
shown) are packaged exclusively by canonical nucleosomes (Blower et al. 2002)

centromere boundaries and may define centromere strength. Furthermore, their
association with centromeres is highly dynamic and dependent on the relative
DNA-binding affinities of CenH3s, canonical histones, as well as satellite-binding
proteins. Modulating the DNA-binding affinity of any one of these entities may
affect centromere size and strength.
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2.3.2 Centromeric Histones Evolve Rapidly in Drosophila

To dissect the selective constraints acting on centromeric histones in a more fine-
scale analysis than in Fig. 2.1, we focused on the Drosophila CenH3 gene, Cid (for
centromere identifier). We compared the Cid coding sequences from multiple geo-
graphical strains of D. melanogaster and D. simulans to an outgroup, D. teissieri,
and parsed all the changes into two separate categories. The first category separated
changes that caused a change in the amino acid being encoded by the codon
(Replacement) from those that did not (Synonymous). The second category separated
changes that were fixed in either species, after separation from a common ancestor,
from those that were polymorphic within either species. Under the model for neutral
evolution, Rf:Sf should approximate Rp:Sp, whereas finding an excess of Rf
changes would suggest that many of these replacement changes were fixed due to
an adaptive advantage (positive selection) (McDonald and Kreitman 1991). In our
Cid analysis, we found that Rf:Sf and Rp:Sp were 18:10 and 9:28, respectively.
Under the neutral model, we would have expected only ~3 Rf changes (9/28 x 10)
but found 18 instead (Malik and Henikoff 2001). These findings reject the neutral
evolution model with high confidence (p < 0.0025) and support the finding that Cid
has been subject to positive selectionin Drosophila.

Furthermore, we could show that both D. melanogaster and D. simulans Cid
were subject to positive selection in their N-terminal tail and histone fold domain
(HFD), respectively (see Fig. 2.2). In the case of D. melanogaster, we found evidence
for a recent adaptive sweep that reduced the synonymous polymorphisms in the
N-terminal tail by a Hudson—Kreitman—Aguade test (p < 0.05) (Hudson et al. 1987).
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Fig. 2.2 Cid polymorphisms (Malik and Henikoff 2001). (a) A sliding window analysis of the
intraspecific polymorphism in D. simulans represented by ® and the interspecific divergence (K)
for Cid performed using all sites (synonymous and replacement), with the x-axis indicating nucle-
otide position. The dashed line separates the N-terminal tail region from the C-terminal HFD, with
the shaded area indicating the Loop1 region. Both the N-terminal tail and the HFD have an excess
of fixed replacements (***) in a McDonald—Kreitman test. (b) Nucleosomal structure with H3,
H4, and DNA (H2A and H2B are not shown for clarity) highlights the Loop1 region of H3 (Luger
et al. 1997). CenH3 Loopl is longer but occupies a similar position
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The positive selection in the HFD domain could be mapped onto the crystal structure
of the nucleosome, as Cid was ~65% identical to H3 in amino acid alignments.
We found that all the fixed replacement changes occurred in a very small segment
of the HFD that corresponded to the Loopl region of Cid (Fig. 2.2), suggesting
that altered DNA-binding specificity was driving the positive selection of this
essential gene for chromosome segregation (see Sect. 4.2.3).

2.3.3 Rapid Evolutionary Changes in Loopl have
Dramatic Functional Consequences

Our evolutionary analyses identified recurrent episodes of positive selection in the
Loop! region of Cid. In parallel experiments, we assayed whether the rapid evolution
of Cid relative to canonical H3 translated to any gross effect in terms of centromere
function or targeting (Vermaak et al. 2002). We assayed for centromere targeting of
divergent Cid genes by introducing GFP-tagged versions of Cid from a variety of
Drosophila species by transient transfection in Kc tissue culture cells (Fig. 2.3).
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D. lutescens [ i +
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Fig. 2.3 Localization of Cid from divergent Drosophila species in D. melanogaster tissue culture
cells (Vermaak et al. 2002). GFP-tagged Cid genes from Drosophila species, representing increased
evolutionary distances, were introduced into Kc cells. Of these, only D. bipectinata Cid did not
localize correctly to centromeres. The HFD domain was necessary and sufficient for the targeting
(not shown), and this targeting was completely dependent on the Loop! region of the HFD
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The endogenous D. melanogaster Cid was assayed using a specific antibody, while
the introduced genes were assayed by GFP localization. Cid genes from D. mela-
nogaster, D. simulans, D. erecta, D. lutescens, and D. pseudoobscura targeted
appropriately to D. melanogaster centromeres, whereas Cid from D. bipectinata
(ananassae subgroup) did not. This centromere targeting ability was dependent on
HFD alone. D. melanogaster Cid-HFD targeted appropriately to centromeres in Kc
cells, whereas Cid-HFD from D. bipectinata did not.

In chimeric swaps between segments of the D. melanogaster and D. bipectinata
HFD domains, replacing the D. bipectinata Loopl region from D. melanogaster
restored centromere targeting to the chimera. Even more strikingly, replacing the
D. melanogaster Loopl region with that from D. bipectinata abrogated targeting.
These targeting experiments showed that the Loopl region is critical for targeting
Cid appropriately to centromeric DNA. Further site-directed mutation analysis of
Loopl also revealed that several residues in the Loop]1 region that found under puri-
fying selection previously (Fig. 2.3a) were also important for mediating correct
targeting. This suggests that Loop1 contains both conserved and positively selected
residues that are required for correctly targeting Cid to centromeres. Notably, the
differences of centromere targeting between Cid genes from two species of Drosophila
less than 25 million years diverged from each other, also argue that the CATD
domain (a distinguishing feature of CenH3s separate from canonical H3s) has even
functionally altered within a lineage of CenH3s (Vermaak et al. 2002). Thus,
changes that we identified in CenH3s as being driven by positive selection were
functionally important for the correct localization and functioning of CenH3s.

2.3.4 Centromeric Protein Evolution Outside Drosophila

Similar results for the rapid evolution of CenH3s were also seen in the case of the
Arabidopsis CenH3, HTR12 (Talbert et al. 2002), and even here there was a strong
focus of positive selection acting on the Loop! region (Cooper and Henikoff 2004).
Thus, in both plants and animals, it appears that the single, essential centromeric
histone gene that defines the epigenetic basis of centromeres has been subject to the
types of selective pressures typically seen only in cases of rapid adaptation.
Intriguingly, the initial findings of positive selection acting on centromeric histones
have also been extended to a second, ubiquitously found, essential centromeric
protein, CENP-C (Talbert et al. 2004). In fact, it turns out that CENP-C provides
more consistent signatures of rapid evolution; in mammalian genomes, for instance,
CENP-C but not CENP-A (vertebrate CenH3) shows evidence of positive selection.
It is unclear what differences in selective constraint drive the positive selection of
CenH3s in flies and plants to be different from mammals. One possibility is that
CENP-A localization and DNA-binding preferences are dictated by another protein,
perhaps a chaperone, whereas this is not the case for Cid or HTR12.

However, in budding yeasts like S. cerevisiae, no evidence of positive selection
was seen in the CENP-C gene, Mif2, or the CenH3 gene, Cse4. Intriguingly, this
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lineage of yeasts is also atypical in eukaryotes for having small, genetically defined
“point” centromeres. This suggested that a fundamentally altered process of
chromosome segregation may be influencing the rapid evolution of centromeric com-
ponents in animals and plants, but not budding yeasts. These dual signatures of
rapid evolution in centromeric DNA (Sect. 4.1) and centromeric proteins (Sect. 4.2)
are indicative of a genetic conflict constantly reshaping these components in plants
and animals exclusively. We believe that asymmetric (female) meiosis is one dis-
tinguishing feature that is a common explanation for all these observations.

2.4 Asymmetry in Female Meiosis as a Driving
Force in Evolutionary Biology

The asymmetric nature of female meiosis in plants and animals can lead to genetic
elements subverting this process for their own advantage. The knob elements from
maize are an example of such an entity (Rhoades 1942). Knobs are blocks of het-
erochromatin that are always found distally from the centromere. If a pair of
chromosomes is heterozygous, that is, only one contains a knob, crossing over can
occur between the knob and centromere during female meiosis. Under the appropriate
genetic background, knobs bind microtubules and knob-bearing chromatids are
pulled toward the outermost megaspores during Meiosis II. One of these outermost
megaspores will become the gametophyte and produce gametes (Dawe and Cande
1996). Thus, instead of a 50% expected ratio of transmission in a heterozygote,
knob transmission in female meiosis varies from 59 to 82% correlated with the size
of the satellite array (Buckler et al. 1999). Thus, the “selfish” knobs exploit the
inherently non-Mendelian nature of female meiosis for their survival.

A transmission advantage in female meiosis may also account for high rates of
nondisjunction in Drosophila females (Zwick et al. 1999). A sensitized assay found
a large range of nondisjunction frequencies among X chromosomes. This variation
in nondisjunction correlated significantly with the two variants of the nod chromo-
kinesin, which were found to be present at intermediate frequencies in natural
populations. The nod chromokinesin is required for achiasmate segregation
(Hawley et al. 1992; Karpen et al. 1996; Zhang et al. 1990), yet apparently deleterious
alleles had thrived in Drosophila populations. These findings led to the oo6tid-
competition model, which proposed that polymorphic alleles of loci involved in
segregation of odtids during female meiosis were likely to provide multiple oppor-
tunities for competitive interactions among odtids, since only one oétid is included
in the pronucleus (Zwick et al. 1999). Thus, female meiotic drive could result in the
sponsoring of otherwise defective alleles, as a balance is struck between the competitive
advantage conferred by this allele in female meiosis with its cost in causing high
rates of nondisjunction. This model also predicted that centromeres and other chro-
mosomal elements could compete directly in this manner, except that centromeres
would competitively orient towards the preferred pole during Meiosis I, whereas
telomeres and other distal elements would do so later in female meiosis (like the
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knob elements in maize). This model serves as the basis of the “centromere-drive”
model that we have proposed to explain the evolution of centromeres and their
histones (Henikoff et al. 2001; Malik and Henikoff 2001).

Success in female meiosis may also negatively influence male meiosis. For
example, Robertsonian fusions that result from the fusion of two acrocentric chro-
mosomes have a differential advantage through female but not male meiosis in
mice, humans, and chickens. In both humans and chickens, the Robertsonian
fusions are preferentially transmitted through female meiosis, but in mice, it is the
acrocentrics that are preferred (Pardo-Manuel de Villena and Sapienza 2001a, b).
Thus, asymmetric female meiosis has great explanatory value in the evolution of
mammalian karyotypes (mice have predominantly acrocentric chromosomes,
whereas humans and birds have primarily metacentric karyotypes). A significant
proportion (0.12%) of the human population are carriers of a Robertsonian translo-
cation (Nielsen and Wohlert 1991). There are no reports of any somatic (mitotic)
effects, but a significant fraction of male carriers of Robertsonian fusions appear to
be partially-to-completely sterile (Daniel 2002). This sterility likely results from a
male meiotic checkpoint that monitors tension of microtubule attachment in mice
(Eaker et al. 2001) and may occur in Drosophila as well (McKee et al. 1998). Thus,
female meiotic success can be balanced by the high cost to male fertility.

Under such a situation, where meiotic drivers have thrived in a population but
cannot drive to fixation, theory predicts that suppressor alleles may arise to alleviate
the effects of the drive or to eliminate the drive itself (Sandler and Novitski 1957).
These suppressor alleles would be unlinked from the drive locus so as to not reap
the “benefits” of the drive (Hartl 1975). Success of the suppressor alleles can lead
to the degeneration of the drive system (in the absence of a transmission advantage)
and subsequently to the degeneration of the suppressor, leading to the presence of
cryptic drive-suppressor systems (Tao et al. 2001). Typically meiotic drivers and
their suppressors are neomorphs (Merrill et al. 1999) and neither is essential for an
organism. In the unusual scenario when essential elements act as drivers or suppressors,
we could only uncover this cryptic genetic conflict by observing episodes of positive
selection in them (Henikoff and Malik 2002).

2.5 Female Meiotic Drive vs. Male Post-Meiotic Dysfunction

The original proposal of meiotic drive (Sandler and Novitski 1957) was essentially
a description of how asymmetric success in female meiotic drive could translate to
differential evolutionary success. However, when we invoke the term “meiotic
drive,” typically most of the cases described are in fact concentrated on post-meiotic
mechanisms. A celebrated example is the Segregation Distorter (SD)system in
D. melanogaster (Ganetzky 1999; Kusano et al. 2003). First identified by Hiraizumi
(Sandler et al. 1959), SD acts post-meiotically and leads to the reduced condensation and
subsequent dysfunction of spermatids in the sperm bundle (Kettaneh and Hartl 1980)
that contain large arrays of a repetitive satellite (Kusano et al. 2003; Wu et al. 1988).
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Thus, in males heterozygous for SD, upto 99% of the functional sperm contain SD,
as opposed to the random Mendelian expectation of 50%.

Why are these differences important? The eventual outcome of female meiotic
drive and male meiotic dysfunction may appear to be the same — the increased propa-
gation of the selfish chromosome. But there are significant differences. Perhaps the
most important is the fact that female meiotic drive does not entail any drop in fertil-
ity, or the number of eggs produced, while male meiotic dysfunction could result in
a 50% drop in overall sperm count. In isolation, this fact may not seem profound.
After all, most plants and animals make a significantly larger investment in producing
eggs as compared to sperm or pollen. Thus, they can “afford to” make a lot more
sperm and pollen than they could conceivably need. However, these sperm face stiff
competitive threats from individuals that have not been burdened with such a precipi-
tous drop in fertility. If this competition was between the X and Y chromosomes
(if the X chromosome were to make the Y dysfunctional, for instance (Jutier et al.
2004)), this would lead to a dramatically skewed sex ratio. Of course, female meiotic
drive between Z and W chromosomes (when the female sex is heterogametic) would
also lead to alterations of sex ratios.

However, its more benign nature also make female meiotic drive much harder to
detect. Maize knobs and gross chromosomal rearrangements (Robertsonian fusions,
B chromosomes) are easy to detect cytologically and it is unsurprising that these
represented all the known examples of female meiotic drive, until very recently.
Conceivably, this kind of meiotic drive could be very common but go undetected
for cytologically normal chromosomes in the absence of detailed genotypic data.
Recent studies have provided just such genotypic data and confirm that even seemingly
normal chromosomes can participate in this selfish battle for evolutionary dominance
(Fishman and Willis 2005) and reveal an underlying cost to male meiosis (Fishman
and Saunders 2008).

2.6 The Centromere-Drive Model

Taking together the finding that centromeric histones were subject to positive selec-
tion as well as the rapid evolution and increased size of centromeric DNA in plants
and animals, we proposed an extension of the o6tid-competition model (Zwick et al.
1999), which we termed “‘centromere-drive” (Henikoff et al. 2001; Henikoff and
Malik 2002). Under this model, centromeres and centromeric histones evolve under
genetic conflict in two steps (Fig. 2.4) (Malik and Bayes 2006). In the first step, an
expansion of the centromeric DNA (by recombination) could create a centromere that
better attracts microtubules. If this increased microtubule binding conferred an advan-
tage to this centromere expansion in female meiosis, then this would begin sweeping
through the population. A number of negative effects can be associated with a sweep
of a “selfish centromere,” including the fixation of linked deleterious mutations.
These effects would be even more pronounced in the case of the sex chromo-
somes. For instance, in the case of ZW heterogametic systems (birds, lepidopterans),
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Fig. 2.4 The centromere-drive model (Henikoff et al. 2001; Henikoff and Malik 2002; Malik and
Bayes 2006; Malik and Henikoff 2002). In the first stage, a satellite expansion leads to a centro-
mere with enhanced microtubule binding abilities, which can lead to a transmission advantage in
female meiosis. This can lead to deleterious effects, including enhanced non-disjunction in male
meiosis. In the second stage, a suppressor allele in CenH3 or any other satellite-binding protein
that can restore meiotic parity, either by increasing microtubule binding by other centromeres as
shown or by reducing microtubule binding by the driving centromere expansion (not shown), will
be selectively favored because of its alleviating the deleterious effects of centromere-drive. Thus,
genetic conflict between two essential genetic elements can nonetheless drive centromeres to
become larger, and CenH3s to be under positive selection

competition between the sex chromosomes for inclusion into the egg would lead to
skewed sex ratios and threaten the population. In the case of the XY males (mammals,
flies), competition between the X chromosomes would lead to “stronger X centro-
meres’” emerging via selective advantage, but in XY meiosis which relies on symmetry,
this would lead to greater nondisjunction, and in extreme instances, sterility (due to
recurrent meiotic checkpoint-induced apoptosis) (Eaker et al. 2001; McKee et al.
1998). The situation in the human population where Robertsonian fusions are pref-
erentially transmitted through female meiosis but lead to male sterility is a direct
example of just such an effect, and fits all predictions of the “centromere-drive”
model (Daniel 2002). A second example has been recently uncovered in monkey-
flowers, wherein a strong female meiotic drive has profound consequences on male
fertility (Fishman and Saunders 2008; Fishman and Willis 2005).
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In such a scenario, any suppressor alleles in autosomal proteins that could alleviate
the deleterious effects of this meiotic drive would be selectively swept through this
imperiled population. We believe that CenH3s and any heterochromatin binding
protein that could restore meiotic parity would serve as such suppressor alleles. For
instance, CenH3 is under positive selection to maintain meiotic parity by modulating
its DNA-binding preference to deny a satellite expansion the transmission advan-
tage in female meiosis. On the other hand, satellite-binding proteins could restore
male meiosis by binding the expanded satellite and preventing CenH3 recruitment;
they would also serve as suppressors. Consistent with this prediction, our investiga-
tion of satellite-binding proteins and other heterochromatin proteins has revealed
that several of them appear to also be evolving under positive selection (J. Bayes
and H.S. Malik, unpublished) (Vermaak et al. 2005).

2.7 The “Centromere-Drive” Model is Not Equivalent
to the “Molecular-Drive” Model

Since the centromere-drive model was proposed, researchers have often confused it
with the proposal of “molecular drive” first coined by Dover (Dover et al. 1982).
In fact, these two models are completely dissimilar, with vastly different predictions
of the role that selection plays in the process and vastly different trajectories of pre-
dicted changes. Since there has been some confusion, we wish to highlight significant
differences between the two models, specifically because both are designed to explain
the evolutionary dynamics of satellite repeats.

Molecular drive describes evolutionary processes that change the genetic com-
position of a population through DNA turnover mechanisms. Importantly, molecu-
lar drive operates independently of natural selection and genetic drift. Multigene
families, in theory, provide the best example of where such process could occur.
This is because tandem copies (multigene families), such as those for centromeric
DNA satellite repeats, are subject to gene conversion, unequal crossing-over,
transposition, slippage replication, and other exchanges. Because mutations
changing the sequence of one copy are less common than deletions, duplications,
and replacement of one copy by another, the copies gradually come to resemble
each other much more than they would if they had been evolving independently.
It is important to point out that the process of recombination per se does not
increase or even affect the overall probability of mutations being retained in the
array (see Sect. 4.2.1). This is because by definition, concerted evolution is unbi-
ased, in which case every version has an equal probability of being the one that
replaces the others. However, if the molecular events have any bias favoring one
version of the sequence over others, that version will dominate the process and
eventually replace the others. The name “molecular drive” reflects the similarity
of the process with what was originally the better-known process of meiotic drive.
This was intended to affect a biased gene conversion process, which in theory
could rapidly accelerate the fixation of mutations in the array. If a protein was to
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bind and recognize this array, then under the “molecular” drive model, it would be
selected to accommodate the changes that have taken place in the underlying DNA
sequence. Several theorists have commented on the population genetic scenarios
under which molecular drive might occur, but there are several points to consider
when applied to centromeric satellites.

First, research in recombination has shown that the process of biased recombina-
tion, as seen in recombination hot spots, is inherently transient because the biased
gene conversion actually eliminates the template that was biasing the process (and
not the other way around). Even if that were not the case, the fact is that selection
is always operating on the satellite DNA sequences. If the sequence were to adopt
an unfavorable conformation, for instance, it would perturb centromeric function
and be selected against. Thus, the only changes that would be allowed to proliferate
would be either neutral changes or those that enhance recruitment of centromeric
proteins. Under the neutral scenario, there is no impetus to explain the adaptive
evolution of centromeric proteins (essentially, it is the deleterious effects associated
with centromeric changes that provides the selective forces that alter the proteins).
The model that assumes a “benefit” to the proliferating satellite via biased gene-
conversion is consistent with the original model proposed by Dover. Even under
this model, if all that was happening was an optimization for the binding of centro-
meric proteins and DNA, there would be no impetus for the recurrent changes in
centromeric proteins. Thus, the rapid evolution of DNA-binding proteins like the
CenH3s provides the strongest discriminative features between the models of
“molecular-drive” vs. “centromere drive.”

Philosophically, the process of “molecular drive” was proposed as a counter-
point to the “selfish gene” theory proposed by several researchers, including
Dawkins (Dawkins 1976). In contrast, selfishness is central to the “centromere-
drive” model and so is diametrically opposite to the molecular drive model.
Nevertheless, the centromere drive model, driven by purely Darwinian means, can
fully account for the duality of rapid evolution in both satellite DNA and proteins.
In the first instance, satellite DNA changes either in sequence or copy number to
enhance binding and subvert meiosis in its own favor, and in the second step, cen-
tromeric proteins adapt to suppress the deleterious effects that are concomitant with
“selfish” centromeres. This is the form of meiotic drive that was first envisaged by
Sandler and Novitski (1957) and is completely explained only in the presence of
selection (Burt and Trivers 2006).

2.8 The Centromere-Drive Model in Different
Taxonomic Groups

The major driving force in centromere complexity thus appears to be the invention
of asymmetric female meiosis. Intriguingly, this invention appears to have hap-
pened at least three times independently in the course of plant, algal, and animal
evolution. Because of this, we can expect certain predictions about centromere
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complexity to hold when viewed through the prism of how meiosis occurs in certain
taxa (Henikoff et al. 2001; Malik and Bayes 2006; Malik and Henikoff 2002).

For instance, in fungi, there is largely no differential success based on positioning
of meiotic products (note that there may very well be differential success in some
instances like filamentous fungi which have linear, rather than tetrahedral asci).
Therefore, fungi like S. pombe represent the basal state of centromere complexity
in eukaryotes, shaped by the presence of both mitosis and meiosis. S. cerevisiae
represent a further simplification of the centromere configurations represented by
S. pombe, but this appears to be driven by other factors, including the dramatic loss
of the heterochromatin/RNAi machinery that helps to epigenetically define the
S. pombe centromere (Malik and Henikoff 2009).

Plants and animals, almost all of which possess symmetric (male) and asymmetric
(female) meiosis, are subject to episodes of centromere-drive and suppression. As a
result, their centromeres are considerably larger than those in S. pombe, and conse-
quently, their centromeric proteins are very rapidly evolving, presumably to counteract
the deleterious effects of rapid centromere expansions (see Sect. 4.4.1). We expect to
see a fairly strict correlation between the presence of male and female meiosis, with
both these traits, that is, rapidly evolving centromeric DNA and proteins.

Some interesting deviations from this will be quite instructive. For instance, ciliated
protozoans like Tetrahymena thermophila have only (asymmetric) female meiosis
(Cervantes et al. 2006). Therefore, in this instance, we again expect to see rapid
evolution of centromeric DNAs as chromosomes vie for meiotic success. Yet if the
deleterious effects are most manifest in male meiosis, it is conceivable that the
absence of male meiosis may have obviated the need for centromeric proteins to
suppress centromere drive. This may even have motivated the loss of male meiosis
in this taxonomic group. Under this scenario, we might predict no positive selection
in centromeric proteins. The net result would be unsuppressed centromere drive,
leading to greater satellite DNA accumulation. Circumstantial evidence appears to
support the idea that centromeres in 7. thermophila are quite large and they represent
the largest fraction of the germline (meiotic) micronuclear genome that is eliminated
in the process of forming the (somatic) macronucleus.

Finally, some organisms like bdelloid rotifers appear to have lost meiosis
altogether (Mark Welch and Meselson 2000). These could be very instructive to
discern the effects of meiosis on the complexity of centromeres in general (loss
of heterochromatin, simplicity of centromeres), separate from the instances
where asymmetry in female meiosis has evolved. Thus, genetic opportunities
afforded to chromosomes to compete with each other during meiosis provide a
satisfyingly simple rationale for the bewildering range and rapid evolution of
centromeric components that are essential for all forms of chromosome segregation
in eukaryotes.
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Abstract Although extant data favour centromere being an epigenetic structure,
it is also clear that centromere formation is based on DNA, in particular, tandemly
repeated satellite DNA and its transcripts. Presence of conserved structural motifs
within satellite DNAs such as periodically distributed AT tracts, protein binding
sites, or promoter elements indicate that despite sequence flexibility, there are
structural determinants that are prerequisite for centromere function. In addition,
existence of functional centromeric DNA transcripts indicates possible importance
of structural elements at the level of RNA secondary or tertiary structure. Rapid
centromere evolution is explained by homologous recombination followed by extra-
chromosomal rolling circle replication. This could lead to amplification of different
satellite sequences within a genome. However, only those satellites that have inherent

b. Ugarkovi¢

Department of Molecular Biology, Ruder Boskovi¢ Institute, Bijenicka 54,
HR-10002, Zagreb, Croatia

e-mail: ugarkov@irb.hr

b. Ugarkovi¢ (ed.), Centromere, Progress in Molecular and Subcellular Biology 48, 53
DOI: 10.1007/978-3-642-00182-6_3, © Springer-Verlag Berlin Heidelbarg 2009



54 b. Ugarkovi¢

centromere-competence in the form of structural requirements necessary for centromere
function are after amplification fixed in a population as a new centromere.

3.1 Introduction

The centromere is a region of the chromosome that enables the accurate partition
of newly replicated sister chromatids between daughter cells during mitosis and
meiosis. It holds sister chromatids together and through its centromere DNA-—
protein complex known as the kinetochore binds spindle microtubules to bring
about accurate chromosome movements (Dobie et al. 1999). In addition, centromere
regulates progression of cell cycle and is critical in sensing completion of metaphase
and triggers the onset of anaphase (Nasmyth 2002). It is visible as the primary
constriction on metaphase chromosome.

Centromeric DNA sequences and proteins have been characterized in different
organisms, ranging from yeast to human. While a number of proteins shares homology
among evolutionarily distant organisms, centromeric DNA sequences differ signifi-
cantly even among closely related species and evolve rapidly during speciation
(Malik and Henikoff 2002). The lack of conservation of centromere DNA could be
the characteristic of a single organism as illustrated by neocentromere formation
from different genomic sequences in humans (Marshall et al. 2008). Formation of a
neocentromere occurs as a result of chromosomal rearrangement that leads to the
loss of normal centromere. Most neocentromeres, however, share no sequence homol-
ogy to normal centromere. Such a plasticity of centromeric DNA could be explained
by epigenetic control of centromere function, which does not depend absolutely on
primary DNA sequence (Dawe and Henikoff 2006). According to such concept,
centromere activation or inactivation might be caused by modifications of chromatin.
Such acquired chromatin epigenetic modifications are then inherited from one cell
division to the next. Concerning centromere-specific chromatin modification, it is
now evident that all centromeres contain a centromere specific histone H3 variant,
CenH3, which replaces histone H3 in centromeric nucleosomes and provides a
structural basis that differentiates the centromere from the surrounding chromatin.
This modified histone H3 is known under different names such as CENP-A
(humans), Cid (Drosophila melanogaster), or Cse4d (Saccharomyces cerevisiae)
(reviewed in Black and Bassett 2008; see Chap. 1 in this book). CenH3 is characteristic
not only for normal centromeres but also for neocentromeres and is essential for the
establishment and maintenance of centromere function. Centromeric nucleosomes
are specific not only by the presence of CenH3, but also by their internal organization.
They seem to be organized as a tetramer composed of one molecule each of CenH3,
H2A, H2B, and H4, different from the octamer found in bulk nucleosomes (Dalal
et al. 2007). CenH3 chromatin is localized in the inner kinetochore plate and it seems
that it exhibits greater conformational rigidity necessary to maintain the architecture
during metaphase when tension pulls the kinetochore towards the poles (reviewed in
Vagnarelli et al. 2008).
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3.2 Types of Centromere

Although extant data favour centromere being an epigenetic structure, it is also clear
that centromere formation is based on DNA, and as new results suggest, also very
probably on RNA. A most simple centromere characteristic for budding yeast
S. cerevisiae is referred as a point centromere, as it encompasses a short distinct
DNA sequence of approximately 125 bp, which contains no repetitive DNA. This
sequence specifies a kinetochore formation and such simple centromere binds a
single microtubule (Kalitsis 2008). More complex, regional centromeres are common
for higher eukaryotes, including fission yeast Schizosaccharomyces pombe. They
encompass longer, usually Mb size arrays composed of repetitive sequences and
form a larger kinetochore that interacts with a number of microtubules. The common
feature of regional centromeres across the wide species range, which includes
Arabidopsis thaliana, rice, maize, D. melanogaster, and humans, is the presence of
satellite DNA as their predominant component (Schueler et al. 2001; Kumekawa et al.
2001; Sun et al. 2003; Jin et al. 2004; Zhang et al. 2004). In the case of human chro-
mosomes, the main centromeric component is alpha satellite DNA. Human alpha
satellite DNA makes up 3—5% of each chromosome and the fundamental repeat unit
is based on diverged 171 bp monomers. Monomers are tandemly arranged into long
homogenous arrays of 250 kb to more than 4 Mb per chromosome (Ugarkovi¢
2008a). Alpha satellite DNA is not absolutely necessary for centromere formation,
because in its absence euchromatic DNA is capable of being activated to form a
neocentromere (Amor and Choo 2002). However, studies of de novo chromosome
formation have revealed the preferential formation of centromere on stretches com-
posed of tandemly repeated satellite DNA (Grimes et al. 2002). For example, de
novo assembly of human centromere occurs on alpha satellite DNA array, which
contains a 17 bp binding motif for centromeric protein B (CENP-B) known as
CENP-B box (Grimes et al. 2002; Masumoto et al. 2004). The studies show that
alpha satellite is a preferred substrate for centromere formation and that CENP-B
box plays an essential role in centromere establishment. However, once established,
centromere seems to be further propagated and maintained without CENP-B protein
(Okada et al. 2007).

These examples reveal that point centromeres are restricted completely to par-
ticular DNA sequence, while in regional centromere this restriction is a partial one.
On the other hand, there are examples when centromeres are not localized to any
particular chromosomal region. Such diffuse centromeres of holocentric chromosomes
of nematodes are distributed along the lengths of the chromosomes attaching to
microtubules at many sites (Maddox et al. 2004). The character of DNA sequences
that are responsible for the establishment of diffuse centromeres is not defined.
However, sequencing of genome of nematode Caenorhabditis elegans revealed the
presence of many families of short interspersed repeats. Some of them, after clon-
ing into suitable vectors and introduction into yeast S. cerevisiae are shown to
contribute to increased mitotic stability of plasmids, indicative of centromeric role
(Kalitsis 2008).
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In addition to DNA and proteins, RNA seems also to be a structural component
of centromere. Transcripts of alpha satellite DNAs have been shown to be a functional
component of the kinetochore, participating in recruitment of kinetochore proteins
(Wong et al. 2007). In addition, ribonucleoprotein complexes are required for
mitotic spindle assembly (Blower et al. 2005). All these data point to an important
role for DNA and RNA, in particular, tandemly repeated satellite DNA and its
transcripts in centromere/kinetochore establishment and function. New findings
related to evolutionary constraints on centromeric satellite DNAs also shed more light
on the possible role of these sequences. Despite sequence heterogeneity among species,
the common pattern of DNA structural motifs required for centromere specification is
beginning to be discerned.

3.3 Evolutionary Mechanisms Affecting Centromeric DNA

3.3.1 Role of Stochastic Processes

In general, centromeric regions are considered the most rapidly evolving compart-
ments in the eukaryotic genome. In the case of point centromere, high mutation rate
seems to be responsible for such a rapid sequence change (Bensasson et al. 2008).
Regional centromeres, however, which are characterized by repetitive structure,
mostly in the form of tandem satellite DNA repeats exhibit change not only in
sequence but also in repeat copy number. Therefore, evolution of regional centromere
proceeds not only by mutations but also by recombination. Recombinational
mechanisms such as gene conversion and unequal crossingover affect repetitive
DNAs and are responsible for the rapid horizontal spread of newly occurring mutations
among monomers within a repetitive family. This results ultimately in homogenization
of changes among repeats within the genome and their subsequent fixation in members
of reproductive populations in a process known as molecular drive (Dover 1986).
This mode of horizontal evolution, characteristic for repetitive families, is known
as concerted evolution. The process of homogenization occurs at species-specific
rates but is faster and independent of the mutation rate. As a result of concerted
evolution, repeats of a satellite DNA within regional centromere exhibit high
homology within a species. However, because of the same process, different mutations
are randomly fixed in reproductively isolated populations, causing rapid divergence
of centromere sequence among species.

Besides being responsible for the spreading of mutations horizontally through
members of the repetitive family, unequal crossingover is also responsible for
changes in repetitive DNA copy number, affecting in this way the length of centromere
arrays (Smith 1976). Theoretical studies on satellite DNA dynamics explain its loss
from the genome by unequal crossingover, demonstrating an inverse correlation
between the rate of unequal crossingover and the preservation time of the satellite
DNA (Stephan 1986). Satellite DNAs can also increase in copy number either by
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replication slippage, rolling circle replication, and conversion-like mechanisms in a
relatively short evolutionary time (reviewed in Ugarkovi¢ and Plohl 2002). The out-
come of all these mechanisms affecting satellite DNA arrays is a high turnover of
centromeric and pericentromeric regions of the eukaryotic genome. On the model of
mouse cells, it has been shown that centromere mitotic recombination occurs at a
much higher frequency than chromosome arm recombination, and is controlled by
the epigenetic state of centromeric heterochromatin, in particular by centromeric
DNA methylation (Jaco et al. 2008). Methylation of centromeric DNA represses
illicit recombination at repeated satellite DNA and is suggested to be important for
the maintenance of centromere integrity. On the other hand, the reduced frequency
of recombination in the neighborhood of centromeres during meiosis, relative to the
rest of chromosome, has been documented in D. melanogaster and many other
organisms (Charlesworth et al. 1986; Stephan 2007). It has been proposed that the
reduced meiotic recombination could be the consequence of natural selection, which
lowers the unequal exchange between repeats and in this way prevents significant
change in repetitive array lengths. Repeat length change could lead to the variation
in the number of microtubule binding sites per chromosome, which can further result
in nondisjunction events and aneuploidy.

3.3.2 Role of Natural Selection

In addition to stochastic, random processes that affect centromeric DNA and induce
its rapid sequence evolution, there are indications for the natural selection shaping
evolution of centromeric DNA sequence (Ugarkovi¢ 2005). This indication is based
on the extreme sequence preservation and wide evolutionary distribution of some
satellite DNAs as well as on the conservation of particular structural motifs.
Selection was first thought to influence satellite DNA sequences following the
observation of nonrandom distribution of variability along the satellite monomers,
resulting in constant and variable regions in Arabidopsis thaliana and human alpha
satellite DNA (Romanova et al. 1996; Heslop-Harrison et al. 1999). Nonrandom
pattern of variability was subsequently detected in many centromeric satellites
(Hall et al. 2003; Mravinac et al. 2004; 2005), as well as preservation of variability
at particular positions within a satellite in different populations (Feliciello et al.
2005). Restricted variability could be probably related to interaction of satellite
DNAs with specific proteins necessary for heterochromatin and centromere formation
as well as to the role of satellite DNAs in controlling gene expression.

The best characterized satellite DNA-binding protein is human centromere protein B
(CENP-B), which binds to a 17 bp motif in human alpha satellite DNA known as the
CENP-B box (Masumoto et al. 1989). Proteins homologous to CENP-B have been
found in many eukaryotes, including the fission yeast S. pombe, and motifs that are
60-70% similar to the CENP-B box have been detected in diverse centromeric repeats of
mammals and insects (Kipling and Warburton 1997; Mravinac et al. 2004; Fig. 3.1).
Although only 23% of repeats in human o satellite DNA have a functional CENP-B
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Fig. 3.1 Evolutionary constraints on centromeric satellite DNAs. Structural requirements posed
on satellite DNAs which enable them to be retained in the genome as members of satellite library
and to be potentially expanded into a “new” centromere might include periodic clusters of A + Ts,
binding sites for centromeric proteins such as CENP-B box, or promoter elements necessary for
active transcription. Periodic distribution of AT tracts leads to curvature of the DNA helix axis and
formation of superhelical tertiary structure thought to be important for heterochromatin establish-
ment. Transcription of satellite DNAs proceeds in the form of either double-stranded RNA
(dsRNA) or single-stranded RNA (ssRNA). Long ssRNAs are required for the association of
kinetochore proteins, while dsRNA is processed into small interfering RNAs (siRNAs) that
participate in heterochromatin formation. Constraints on satellite RNA secondary and/or tertiary
structure could exist in order to preserve its ability to bind kinetochore proteins

box, it seems to be essential for the assembly of centromere-specific chromatin and
centromere establishment, but not for the centromere maintenance (Ohzeki et al. 2002;
Basu et al. 2005; Okada et al. 2007).

Satellite DNAs are usually AT rich but A’s or T’s are not randomly distributed
within the sequence. Clustering of A or T and regular phasing of A or T >3 tracts
has been reported for many different satellite DNAs, including human alpha satellite
DNA (Martinez-Balbas et al. 1990; Ugarkovi¢ et al. 1996a; Fig. 3.1). Periodic
distribution of AT tracts usually induces curvature of the DNA helix axis and formation
of tertiary structure in the form of a superhelix (Fitzgerald et al. 1994). Such a
structure is thought to be important for the tight packing of DNA and proteins in
heterochromatin (Ugarkovic¢ et al. 1992).

Palindromic sequences that could potentially lead to the formation of dyad struc-
tures are common elements of centromeric and pericentromeric satellite DNAs in
budding yeast, insects, and human (Tal et al. 1994; Ugarkovi¢ et al. 1996b; Zhu et al.
1996). It is not clear if they perform some function, but it can be hypothesized that
some palindromic sequences could be recognized by DNA binding proteins, such
as transcription factors. Some homeodomain proteins like Pax3, which is known to
play an important role during neurogenesis, bind short palindromes present within
major mouse satellite DNA (personal communication). The recent investigation
has revealed that the topoisomerase II recognizes and cleaves a specific hairpin
structure formed by alpha satellite DNA (Jonstrup et al. 2008). It has been
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suggested that a subpopulation of the cellular topoisomerase II located at centro-
meres plays a role for sister chromatid cohesion in the centromeric region. The
hairpin cleavage therefore could be connected to a cohesion role of topoisomerase
IT at centromeres.

Other functional motifs and regulatory elements for RNA polymerase (pol) IT
and RNA pol III are predicted in some satellite sequences (Renault et al. 1999;
Fig. 3.1). Human satellite III, which is specifically expressed under stress, has a
binding motif for the heat shock transcription factor 1 that drives RNA pol II tran-
scription (Metz et al. 2004). In schistosome satellite DNA, which encodes an active
ribozyme, a functional RNA pol III promoter is present (Ferbeyre et al. 1998). The
sequence of satellite 2 found in the newts Notophthalmus viridescens and Triturus
vulgaris meridionalis contains a functional analogue of the vertebrate small nuclear
RNA (snRNA) promoter that is responsible for RNA pol II transcription (Coats et al.
1994). Promoters for RNA Pol II are also the characteristic of centromeric satellite
DNAs from beetle species Palorus ratzeburgii and Palorus subdepressus (Pezer and
Ugarkovi¢ 2008a; 2009). In general, the presence of functional elements within
centromeric satellite DNA sequences points to the role of natural selection in preserving
such motifs.

Some centromeric satellites, however, exhibit sequence conservation of the
whole monomer sequence for long evolutionary periods. Extreme sequence conser-
vation of two satellite DNAs that represent major pericentromeric repeats in the
coleopteran insect species Palorus ratzeburgii and Palorus subdepressus has been
reported (Mravinac et al. 2002; 2005). These satellites are present in many coleopteran
species at a low copy number and their sequences have remained unchanged for 60
million years. This remarkable antiquity and sequence conservation are also char-
acteristic of human alpha satellite DNA, which has been detected as a rare, highly
conserved repeat in evolutionary distant species such as chicken and zebrafish (Li
and Kirby 2003). This complete sequence conservation and the wide evolutionary
distribution of some satellite sequences has led to the assumption that, in addition
to participating in centromere formation, they could perform some other role pos-
sibly acting as cis-regulatory elements of gene expression.

In addition to relatively conserved regions found in diverse centromeric satellites,
other more variable regions also exist. Variable regions might also be functionally
important owing to their interaction with rapidly evolving proteins. Such an example
is the centromere-specific histone, CenH3, which replaces histone H3 in centromeric
nucleosomes and is required for proper chromosome distribution during cell division
(Henikoff and Dalal 2005). Unlike the highly conserved histone H3, CenH3 is diver-
gent and subject to the influence of positive selection, which particularly affects the
sites that potentially interact with satellite DNA (Cooper and Henikoff 2004; see
Chap. 2 in this book, Sect. 3.2.2). It has been proposed that variable regions within
satellite DNA sequence drive the adaptive evolution of specific centromeric histones.
In addition to CenH3, other kinetochore proteins exhibit rapid sequence evolution in
fly D. melanogaster as well as in worm C. elegans, while in mammals, plants, and
fungi the rate of evolution is much lower (Meraldi et al. 2000).
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3.4 Point Centromere DNA and Its Evolution

While in most animals and plants species, centromeres are complex and regional,
encompassing long Mb size arrays of highly repetitive, satellite DNA, centromeres
in Saccharomyces yeast and several other budding yeasts such as Candida glabrate
and Kluyvermyces lactis occupy a very small region of approximately 120 bp and
are referred to as point centromere. The centromeric sequence contains no repetitive
DNA and consists of three functionally distinct regions: CDEI and CDEIII, which
are 8 bp and approximately 25 bp long, respectively, and represent protein binding
sites, as well as of CDEII, approximately 90 bp long, which binds centromere-
specific histone Cse4 (Hegemann and Fleig 1993). CDEI and CDEIII elements
exhibit sequence conservation among different budding yeast species. Mutations in
CDEI impair but do not abolish function in mitosis and meiosis, while single base
change or short deletions within CDEIII completely inactivate the centromere.
CDEII from different chromosomes within same species are highly divergent, up to
60%, but functionally interchangeable (Clarke and Carbon 1983), suggesting that
binding of Cse4 is not sequence specific. However, changes in AT content, which
is averaging 90%, pattern of homopolymer runs of A’s and T’s, and length can
disrupt centromere function (Baker and Rogers 2005). This indicates that DNA
curvature or flexibility which depends on the pattern of distribution of A and T
tracts could be related to centromere function. It has been shown that bent and
unbent CDEII DNAs, differing at only six nucleotides, displayed a 60-fold difference
in mitotic chromosome loss rates. Since AT rich sequences that exhibit homopolymer
bias such as CDEII are found predominantly at centromeres of various species, this
seems to represent a type of «code» that partially can explain centromere identity.

Periodic distribution of A and T tracts represents a commonality between point
Saccharomyces centromere and complex regional centromeres of higher organisms.
Survey of more than hundred different satellite DNAs revealed that approximately
50% of them exhibit DNA curvature induced by periodic distribution of A or T
tracts (Fitzgerald et al. 1994). Such highly nonrandom patterns of A’s and T’s charac-
terized by homopolymer runs of 5-7 nucleotides might imply influence of selection
to preserve mitotic centromere function in Saccharomyces as well as in many
higher eukaryotes (Baker and Rogers 2005).

Comparison of near-complete sequences of chromosome III from three closely
related lineages of the wild yeast Saccharomyces paradoxus, which is a relative of
S. cerevisiae, has shown that the centromere region CDEII is the most rapidly
evolving part of the chromosome (Bensasson et al. 2008). This centromere region
is evolving faster than sequences that are not under selective constraint. Such rapid
evolution could result from elevated mutation rate or influence of positive selection.
It has been proposed that positive selection drives rapid fixation of mutations in
centromeric regions by imposing a bias in favour of retaining mutations. The positive
selection might be due to the advantage conferred to mutated centromere during
female meiosis known as «centromere drive hypothesis» (Malik and Henikoff 2002;
see Chap. 2 in this book). However, in the case of point Saccharomyces centromere,
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it seems that elevated mutation rate within CDEII is responsible for the rapid evolu-
tion and not positive selection. What on the other hand could induce such a high
substitution rate in the yeast centromere region is not clear.

While elevated mutation rate is considered as a major contributor to rapid evolution
of point centromere, recombinational mechanisms such as unequal crossing over
and gene conversion that preferentially affect segments of repetitive DNA are major
genetic mechanisms governing evolution of complex regional centromeres
(Ugarkovi¢ and Plohl 2002). Comprehensive phylogenetic and structural analysis
of centromere/kinetochore proteins from different species revealed that organisms
with regional and point centromeres have a common ancestor, a fungus containing
a regional centromere, implying that simple, point centromere arose from complex,
regional centromere (Meraldi et al. 2000).

Different from the regional centromeres that generally have no transcribed genes
in their vicinity, transcribed genes are found very close to point S. cerevisiae cen-
tromeres (Westermann et al. 2007). It is, however, not known if transcripts are
structural component of point Saccharomyces centromere, as found for complex
regional centromeres (Wong et al. 2007).

3.5 Regional Centromere DNA and Its Evolution

Regional centromere encompasses from 1 kb in budding yeast Candida albicans
(Sanyal et al. 2004) to few megabases in human (Schueler et al. 2001), and is typically
composed of repetitive DNA elements, mostly in the form of tandemly repeated
satellite DNAs. A single satellite DNA can predominate at the centromeric regions
such as the case of alpha satellite DNA at human centromeres (Schueler et al.
2001). In D. melanogaster and beetle species Tribolium madens, two or more dif-
ferent satellites are interspersed within centromeric regions (Durajlija-Zini¢ et al.
2000; Sun et al. 2003).

Different centromeric satellite DNAs may persist in the genome usually at centro-
meric or pericentromeric locations for long evolutionary time forming a collection
or library of satellite sequences shared among related lineages (Fry and Salser
1977). The amount of satellite DNAs in a single centromere can be increased or
reduced dramatically in a short time frame. Such rapid turnover characteristic for regional
centromere evolution can be explained by differential amplification or expansion of
satellite DNAs from the library in any species (Ugarkovi¢ and Plohl 2002). The first
experimental demonstration of a satellite DNA library is found in the insect genus
Palorus (Coleoptera), where all examined species posses a common collection of
centromeric satellite DNAs (Mestrovi¢ et al. 1998). A different single satellite is
significantly amplified or expanded in each of the different species, resulting in
species-specific satellite DNA profiles. The existence of satellite libraries is supported
for different groups of species, including plants, nematodes, insects, and mammals,
as well as their preferential localization within pericentromeric and centromeric
regions (King et al. 1995; Vershinin et al. 1996; Cesari et al. 2003; Lin and Li 2006;
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Mestrovic et al. 2006; Bruvo-Madaric et al. 2007; Kawabe and Charlesworth 2007).
In the marsupial genus Macropus, three satellite DNAs are involved in the creation
of centromeric arrays in nine examined species (Bulazel et al. 2007; see Chap. 4 in
this book). Each species, however, has experienced different expansion and con-
traction of individual satellites. In Bovini, six related centromeric satellite DNAs
are shared among species fluctuating considerably in relative amounts (Nijman and
Lenstra 2001).

3.5.1 Human Centromeric DNA

Different satellite DNAs that coexist in the same species can vary significantly in their
sequence homogeneity and are considered as independent evolutionary units. In addi-
tion, each satellite DNA can exist in the form of different, usually chromosome-
specific satellite subfamilies (reviewed in Ugarkovi¢ and Plohl 2002). All primate
species share alpha satellite DNA, which in the form of different subfamilies represents
the major component of all centromeres (Lee et al. 1997). Alpha satellite is composed
of two basic types of repeat units: a 171 bp monomer and higher order repeats (HOR).
Higher order repeats have complex repeat units composed of up to 30 diverged 171
bp monomers (Alexandrov et al. 2001) and are characteristic of centromeres of
higher primates, while in the genomes of lower primates, monomeric alpha satellite
repeats prevail and comprise long centromeric arrays.

The centromeric region has been characterized in detail for the human X chro-
mosome (Fig. 3.2; Schueler et al. 2001). Two evolutionarily distinct classes of
alpha satellite are present within the centromeric region of the X chromosome. One
class encompasses an approximately 3 Mb array of alpha satellite DNA known as
DXZ1, which is present at the primary constriction and is X chromosome specific.
This region is defined by a 2.0 kb higher-order repeat, which consists of twelve 171
bp monomers. The canonical higher order repeats are highly homogenous, showing

Euchr  450kb array DXZ1 array (3Mb) 450kb array  Euchr
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Fig. 3.2 Organization of alpha satellite DNA within centromere of human X-chromosome based
on data from Schueler et al. (2005). DXZI1 region of 3 Mb in which primary constriction is located
is composed of tandemly repeated higher order repeats (HORs). HORs are mutually highly
homologous exhibiting 1-2% divergence. DXZ1 array is flanked on both sites by region of
approximate size of 450 kb, which is composed mostly of alpha satellite monomers. Alpha satellite
monomers within 450 kb array exhibit divergence between 20% and 30% and are interspersed
with transposable elements such as LINE and SINE. Higher order repeats participate in kinetochore
formation while diverged monomers contribute to heterochromatin establishment. Phylogenetic
analysis resolves alpha satellite monomers within 450 kb region into four subfamilies, while
monomers within DXZ1 array form distinct, fifths alpha satellite subfamily. Adjacent to 450 kb
region is euchromatic DNA
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an average of 1-2% divergence on the same or different X chromosome. Mapping
of deletion chromosomes has delimited the functional centromere of the X chromo-
some to the higher order alpha satellite array in the DXZ1 region. The other class
is composed of ~450 kb region located between DXZ1 and expressed sequences on
the short arm of chromosome X, also highly enriched in alpha satellite. The 450 kb
junction region is characterized by tandemly repeated monomeric repeat structure
and the monomers exhibit higher mutual divergence relative to higher order repeats
within DXZ1 region.

Based on the presence of interspersed LINE elements within arrays of alpha satellite
DNA as well as on the phylogenetic analysis of primate species, particular alpha
satellite subdomains can be defined and their age can be estimated. According to
such analyses, human X chromosome monomeric alpha satellite arrays are divided
into four age groups: 35-65 million years (Myr), 25-35 Myr, 15-25 Myr, 7-15 Myr,
while the DXZ1 region which is based on higher order repeats is the most recent one
with an approximate age between 2 and 7 Myr (Schueler and Sullivan 2006).
Monomeric alpha satellite DNA predates higher order arrays of alpha satellite and may
represent direct descendants of the ancestral primate centromere sequence. Comparison
with centromeric alpha satellite DNA sequences in other primate species revealed
that alpha satellite DNA has evolved through proximal expansion events occurring
within the central active region of the centromere (Fig. 3.3; Schueler et al. 2005).
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Fig. 3.3 Model of evolution of primate centromeric region from the ancestral primate to humans.
The series of amplification events are responsible for the spreading of “new” alpha satellite sub-
families and replacement of “old” ones, which however remain preserved in genome in lower
number of copies (differently dashed rectangles). In each round of amplification, the “old” centromere
is split and moved distally onto each arm while the newly added sequence confers centromere
function. The “old” subfamilies are based on tandemly repeated monomers, but the most recently
amplified subfamily is based on tandemly repeated HOR. This subfamily comprises centromeric
regions in humans and other great ape. The model is based on data on human X chromosome
centromere structure (Schueler et al. 2005)
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Each addition of new material splits the previous centromeric DNA and moves it
distally onto each arm, while the newly added sequence confers centromere function.
The alpha satellite region immediately proximal to the euchromatin chromosome
arm is a remnant of the ancestral primate X centromere. A higher order satellite
array located within the DXZ1 domain evolved as a replacement for the monomeric
alpha satellite repeat. Highly homogenous arrays of higher-order alpha satellite rep-
resent a relatively recent addition to the primate genome, emerging near the orangutan/
gorilla split. Based on the molecular analysis of the human X-chromosome centro-
mere, it becomes evident that alpha satellite regions have evolved through a series of
events, resulting in the addition and amplification of “new” subfamilies that have
partially replaced the “old” ones (Fig. 3.3).

The kinetochore domain composed of higher order repeats comprises one half
to two thirds of the alpha satellite DNA located at human centromeres. The remainder
of alpha satellite arrays composed predominantly of diverged tandemly repeated
monomers contributes to pericentromeric heterochromatin establishment, which is
necessary for chromatid cohesion.

3.5.2 Model of Centromere Evolution Based
on Satellite DNA Library

Rapid sequence evolution is characteristic of complex regional centromeres.
Comparison of alpha satellite arrays from orthologous chromosomes of chimps and
human revealed higher divergence of centromeric regions relative to the pericentromeric
ones (Rudd et al. 2006). To explain rapid evolution of centromeric DNA, a «centro-
mere drive hypothesis» has been introduced (Malik and Henikoff 2002; see Chap. 2
in this book). According to it, rapid evolution of centromeric DNA is caused by positive
selection that imposes a bias in favour of retaining mutations in centromere region.
The positive selection is proposed to be due to the advantage conferred to mutated
centromere during female meiosis. Such centromere has a higher affinity for centro-
meric chromatin proteins and is the most successful at being incorporated into the
functional germ cells (i.e., the oocyte). Other centromeres are then forced to adopt
the same sequence and protein variants to segregate efficiently. According to the
“centromere drive hypothesis,” evolution of the centromere proceeds through «de
novo» adoption of «new», previously noncentromeric sequences that are repeatedly
introduced into the genome (Dawe and Henikoff 2006).

On the other hand, based on the library hypothesis, it can be proposed that
centromere is formed from already adapted sequences with certain structural charac-
teristics that enable them to confer a centromeric role or to perform some other
function such as regulation of gene expression (Ugarkovi¢ 2005; 2008b; Fig. 3.1).
Such sequences after exaptation, that is, after becoming functional, can reside
within the genome for long evolutionary periods and create a satellite DNA library.
The content of the library is constantly evolving, and new sequences can be generated
and added into the library such as the case of alpha satellite complex HORs,
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which appear later in the evolution of primate lineage (Alexandrov et al. 2001).
On the other hand, some «old» centromeric satellite repeats can be lost in particular
lineages as shown for centromeric satellites in species of grass (Lee et al. 2005).
Removal of centromeric satellites from the library is probably a stochastic process
mediated by mechanisms of unequal crossing over and illegitimate recombination
(Stephan 1986; Ma and Jackson 2006).

Centromeric and pericentromeric satellite sequences from the library can
undergo recurrent repeat copy number expansion and contraction in divergent lineages
(Fig. 3.4). Such changes in copy number seem to be random and do not correlate
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Fig. 3.4 Model of satellite DNA evolution and centromere formation based on satellite DNA
library. Satellite DNAs possessing certain structural features which enable them to become functional
are retained in the genome in the form of satellite DNA library. Satellite DNA could have dual
function in the genome: either it can be extended into long array and together with its transcripts
participates in centromere/kinetochore establishment, or satellite transcripts could act as regulators
of gene expression, probably through RNAi mechanism. A stochastic process of differential
amplification of satellite DNAs from the library in two related species induced by unequal cross-
ingover, duplicative transposition or extrachromosomal rolling circle replication can lead to the
formation of long, uninterrupted arrays. An expanded arrays can replace the previous centromere
if it has some selective advantage relative to the «old» centromere, e.g., transmission advantage at
meiosis due to some structural characteristic or just due to the higher homogeneity of newly
amplified array relative to the «old» one. Such “new” centromere can then be spread through the
population by processes of natural selection and molecular drive
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with phylogeny of the species as shown for the insect genus Pimelia, the marsupial
genus Macropus, and the grass species (Pons et al. 2004; Lee et al. 2005; Bulazel
et al. 2007). The same satellite sequences can undergo convergent expansion on all
chromosomes in different lineages. Although the evolution of centromeric satellite
DNA composition does not follow species phylogeny, it parallels chromosome
evolution in some karyotypically divergent lineages (Slamovits et al. 2001; Bulazel
et al. 2007; see Chap. 4 in this book). The rate of turnover of centromere differs
among species ranging from abrupt-saltatory amplification and replacement of
“old” centromere in relatively short periods of time, through gradual changes, while
in some instances no apparent change occurs for long evolutionary time (Pons et al.
2004). Amplification of a satellite sequences could occur due to unequal crossingover
or duplicative transposition (Smith 1976; Ma and Jackson 2006), while the spreading
and fixation in population can be influenced by stochastic process of molecular
drive (Dover 1986) and by natural selection. The discovery of human extrachromo-
somal elements originating from satellite DNA arrays in cultured human cells
indicates the possible existence of other amplification mechanisms based on extra-
chromosomal rolling-circle replication (Assum et al. 1993). Satellite DNA-derived
extrachromosomal circular DNA is common in plant genomes and is considered as
an intermediate in process driving satellite expansion and evolution (Navratilova
et al. 2008). It has been proposed that satellite sequences excised from their chro-
mosomal loci via intrastrand homologous recombination could be amplified in this
way, followed by reintegration of tandem arrays into the genome (Feliciello et al.
2006). Mechanistic processes inherent to chromosome fusion and translocation
have also been supposed to be responsible for contraction and expansion of centromeric
satellite DNA arrays (Bulazel et al. 2007).

A newly expanded satellite array can replace the previous centromere and prevail
in the population if it has some selective advantage relative to the «old» centromere,
for example, transmission advantage at meiosis due to some sequence or structural
characteristic of newly amplified satellite DNA or just due to the higher homogeneity
of newly amplified array relative to the «old» one (Fig. 3.4). Based on the structure
of the human X chromosome centromere, it can be proposed that high homogeneity
and integrity of newly expanded satellite arrays might represent an additional
requirement imposed on the centromere. In addition, it seems that a newly expanded
array has to be of certain length to become a preferred substrate for centromere
formation. This could be related to the number of microtubule binding sites per
chromosome necessary to ensure the proper chromosome segregation.

The repetitiveness of satellite DNA has been proposed to be important for
orderly packing of nucleosomes (Vogt 1990), and nucleosome crystallization on
reverse repeats of alpha satellite DNA support this assumption (Harp et al. 1996;
Luger et al. 1997). There is strong indication that a specific set of periodic DNA
motifs encoded in tandemly repeated satellite DNA provides signals for specific
chromatin organization in the form of distinctive nucleosome arrays characteristic
for centromere (Takasuka et al. 2008). It is known that centromeric nucleosomes
are organized as a heterotypic tetramer composed of one molecule each of CenH3,
H2A, H2B, and H4, different from the octamer found in bulk nucleosomes
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(Dalal et al. 2007). It is suggested that such nucleosome tetramers distributed
orderly on homogenous and uninterrupted satellite arrays represent an accessible
surface for kinetochore assembly. Therefore, extension of satellite repeat from the
library by stochastic recombinational processes and/or extrachromosomal rolling
circle replication might create uninterrupted homogenous array, which could be a
favoured substrate for centromere chromatin establishment and microtubule binding
relative to the “old” nonhomogenous array interspersed with different transposable
elements. Such centromere array exhibiting a slight advantage relative to the “old”
one could then be fixed in a population (Fig. 3.4).

3.6 RNA in Centromere Establishment

3.6.1 RNAs as Epigenetic Regulator
of Heterochromatin Establishment

Transcripts of centromeric satellite DNAs have been reported in several organisms,
including vertebrates, invertebrates, and plants. Transcripts are usually heterogene-
ous in size and are in some cases strand-specific, while in others transcription
proceeds from both DNA strands. Most transcripts are present as polyadenylated
RNA in the cytoplasm but some are found exclusively in the nucleus (reviewed in
Ugarkovi¢ 2005). Recently, it has been shown that transcripts derived from tandemly
repeated centromeric DNA of the fission yeast S. pombe exist in the form of small
20-25 bp long RNAs that are involved in chromatin modifications and establishment
of heterochromatin (Volpe et al. 2002). The chromatin silencing mechanism is initiated
by long double-stranded RNA (dsRNA) that arises from bidirectional transcription
of repeated centromeric DNA and is further processed by the RNAse III-like ribo-
nuclease Dicer into small interfering RNAs (siRNAs). siRNAs are then loaded into
the RNA-induced transcriptional silencing complex (RITS) through their association
with the Argonaute protein. RITS also interacts with the RNA-directed RNA
polymerase complex (RDRC), which is required for the production of secondary
dsRNA and amplification of the silencing signal (Verdel et al. 2004). Both RITS
and RDRC associate with the nascent noncoding centromeric RNA transcript, and
binding to RITS is probably achieved through the base-pairing of siRNA molecules
with nascent RNA and by direct contact with the RNA pol II elongation complex.
In addition to siRNAs, the association of RITS with chromatin also requires a histone
methyltransferase. Histone H3 methylation at lysine 9 is essential for the recruitment
of heterochromatin protein 1 (HP1). This represents an initial step in the formation
of heterochromatin. HP1 has several functions at centromere such as silencing gene
expression and recombination, promotion of kinetochore assembly, and prevention
of erroneous microtubule attachment to the kinetochores (Yamagishi et al. 2008).
Mutations in components of the RNAi pathway lead to the loss of pericentromeric
heterochromatin in fission yeast, resulting in mis-segregation of chromosomes
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(Allshire et al. 1995; Volpe et al. 2002; Fig. 3.5). S. pombe cells deficient in peri-
centromeric heterochromatin are unable to recruit the chromosome cohesin to
centromeres and fail to maintain centromere cohesion (Bernard et al. 2001). It was
recently revealed that heterochromatic proteins and RNAi machinery promote
CENP-A deposition and kinetochore assembly over the central domain of the fission
yeast centromere (Folco et al. 2008). However, absence of these factors does not
affect CENP-A deposition on endogenous centromeres or on minichromosome
centromeres, which have incorporated CENP-A in previous generation. In general,
pericentromeric heterochromatin appears to be an absolute requirement for the
establishment of centromere in fission yeast together with central DNA region,
which binds CENP-A (cnt region) as well as otr region which contains dg-dh
repeats (Folco et al. 2008). In addition to fission yeast, pericentromeric heterochro-
matin seems to be required for the accurate segregation of chromosomes during
mitosis in many eukaryotes, including Drosophila and mammals (Kellum and
Alberts 1995; Peters et al. 2001).
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Fig. 3.5 Link between centromeric RNA and aneuploidy. Aberrant expression of centromeric satellite
DNA affects centromere/kinetochore function and causes abnormality in chromosome segregation.
Defects in RNA metabolism could affect heterochromatin maintenance and fidelity in mitosis
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RNA interference (RNAi) machinery has been shown to be evolutionary conserved
and is proposed to be responsible for pericentromeric heterochromatin formation in
different animal species. In addition to S. pombe, siRNAs cognate to satellite DNAs
are involved in the epigenetic process of chromatin modification in Arabidopsis
and C. elegans (Bernstein and Allis 2005; Grewal and Elgin 2007). In D. mela-
nogaster RNAI seems to be involved in the establishment of heterochromatin in
early embryo. Once set, heterochromatin can be maintained in the absence of RNAi
in somatic tissues (Huisinga and Elgin 2008). In mammals, however, siRNAs seem
not to elicit chromatin modification, although an unidentified RNA component
appears to be required for maintaining pericentric heterochromatin (Maison et al.
2002; Wang et al. 2006). In mouse pericentromeric heterochromatin, y satellite
DNA as its major constituent is transcribed as small, approximately 200-nt-long
RNA during mitosis, while during G1 and S phase, transcription occurs in the form
of long, heterogeneous RNAs (Lu and Gilbert 2007). The transcription is cell-cycle
regulated with the highest rate in early S phase and in mitosis, similar to regulation
in fission yeast where the peak of transcription occurs at S phase (Chen et al. 2008).
Besides being cell-cycle regulated, transcription of mouse pericentromeric hetero-
chromatin is also linked to cellular proliferation.

3.6.2 RNAs as Structural Component of Centromere

Recently it has been shown that long, single-stranded alpha satellite DNA transcripts
encompassing a few satellite monomers are functional components of the human
kinetochore (Wong et al. 2007; Fig. 3.1). Centromere alpha satellite RNA is required
for the assembly of CENPC1, INCENP (inner centromere protein), and survivin (an
INCENP-interacting protein) at the metaphase centromere. It also directly facilitates
the accumulation and assembly of centromere-specific nucleoprotein components at
the interphase nucleolus. The nucleolus sequesters centromeric components such as
alpha satellite RNA and centromere proteins for timely delivery to the chromosomes
for kinetochore assembly at mitosis. CENP-C has been shown to be an RNA-
associating protein that binds alpha satellite RNA, as revealed by in vitro binding
assay. The same protein also binds alpha satellite DNA in vivo and obviously has
dual RNA- and DNA-binding function (Politi et al. 2002). In mammals, CENP-C
evolving rapidly and different from CENP-A (vertebrate CenH3) shows evidence of
positive selection (Talbert et al. 2004; see Chap. 2 in this book). It is possible that a
pool of CENP-C has a centromere DNA-binding role that persists throughout the
cell cycle. The other pool of CENP-C is involved in relocation of alpha satellite
RNA and centromere proteins from the nucleolus onto the mitotic centromere.
CENP-B and CENP-C recognize the same subfamilies of alpha satellite DNA,
but it is not clear whether CENP-C preferentially recognizes a specific sequence
within satellite DNA or RNA. In vitro experiments indicate that CENP-C does not
bind a specific DNA sequence, similar to CENP-A which also seems to be a
sequence nonspecific binding protein (Politi et al. 2002). However, the existence of
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binding sites for different proteins in alpha satellite DNA could explain the nonran-
dom distribution of mutations within a sequence and can give strong support for the
influence of selection on the evolution of this satellite DNA sequence.

Numerous examples illustrate the involvement and possible importance of
longer RNAs for the formation of centromeric chromatin and for centromere function.
RNA encoded by centromeric satellite DNA and retrotransposons, ranging in size
between 40 and 200 nt, has been shown to be an integral component of the kineto-
chore in maize, tightly bound to centromeric histone H3 (Topp et al. 2004). Murine
minor satellite DNA associated with the centromeric region is transcribed from
both strands, and transcripts are processed into 120 nt RNA, which localizes to the
centromere (Bouzinba-Segard et al. 2006). The overexpression of satellite tran-
scripts is impaired by mislocalization of centromere-associated proteins essential for
the formation of centromeric heterochromatin. In addition, forced accumulation of
transcripts leads to defects in chromosome segregation and impaired centromere
function, resulting in aneuploidy (Fig. 3.5). The absence of siRNAs homologous to
murine minor satellite indicates that the longer noncoding RNA plays a role in
heterochromatin formation and centromere establishment in the murine system.
Long, stable transcripts of centromeric satellite DNAs are also the characteristics
of some beetle species (Pezer and Ugarkovi¢ 2008a; 2009). Functional studies
reveal that in this animal system an increase in the amount of centromeric satellite
DNA transcripts coincides with the irregular chromosome segregation and often
leads to aneuploidy. Since functional promoters for RNA polymerase II are detected
within satellite DNAs from coleopteran genera Tribolium and Palorus, it is proposed
that constitutive expression of centromeric satellites is necessary for proper centro-
mere establishment (Pezer and Ugarkovi¢ 2008b).

Mitotic and chromosome segregation defects have been reported for fission
yeast mutants defective in RNA metabolism (Win et al. 2006). RNase activity of
Dis3, a core component of the exosome that is required for the processing of different
RNAs, is shown to be required for heterochromatin silencing within the centromere
as well as for proper kinetochore formation and establishment of kinetochore—
microtubule interactions (Murakami et al. 2007; Buhler et al. 2007). Thus, RNAi-
independent degradation of centromeric transcripts also contributes to
heterochromatin formation and proper centromere function.

All these examples demonstrate the importance of cellular RNA metabolism for
proper chromosome segregation during mitosis (Fig. 3.5). In addition to the relatively
well understood RNAi mechanism that moderates heterochromatin establishment
in different eukaryotic systems, other mechanisms involving longer RNAs also
operate in centromeric chromatin assembly and kinetochore formation. Although
these mechanisms are poorly understood, it can be proposed that centromere-
encoded longer RNAs could serve as a scaffold for chromatin-remodeling complexes
at centromere as well as structural component of kinetochore (Fig. 3.1). It can be
proposed that specific secondary and tertiary structures of centromeric RNAs are
important for assembly of such complexes.

Based on studies in mammalian and insect systems, it appears that aberrant
transcription of noncoding centromeric satellite DNA affects heterochromatin
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maintenance and fidelity of mitosis (Pezer and Ugarkovi¢ 2008b; Frescas et al.
2008). This indicates that centromeric RNA is an important functional component
of the centromere/kinetochore complex, probably tightly bound to proteins, and
subtle changes in centromeric RNA/kinetochore protein ratio affect chromosome
stability and segregation (Fig. 3.5). Stoichiometric expression of all kinetochore
components including proteins and noncoding centromeric RNA seems to be
important for normal kinetochore assembly and function.

Overexpression of noncoding satellite DNAs is characteristic of some tumours.
Analysis of transcription of human satellite 2 and a-satellite, which are located in
pericentromeric and centromeric heterochromatin, respectively, revealed an elevated
level of their expression in ovarian epithelial carcinomas and Wilms tumours, relative
to the control (Alexiadis et al. 2007). It can be hypothesized that increased accumu-
lation of noncoding RNA deriving from the two satellite DNAs interferes with
heterochromatin formation and kinetochore establishment, affecting in this way
mitotic segregation.

3.7 Conclusion

It can be proposed that the occurrence of new centromere results from a stochastic
process affecting repetitive DNA, which is induced by homologous recombination
followed probably by extrachromosomal rolling circle replication. As a result of
such process, amplification of different satellite sequences already present within a
genome occurs. However, only those satellites that have inherent centromere-
competence in the form of some structural requirements necessary for centromere
function are after amplification fixed in a population as a new centromere.

Presence of some conserved structural motifs within satellite DNAs such as
periodically distributed AT tracts or protein binding sites indicates that despite
centromere sequence flexibility, there are structural determinants that are prerequisite
for centromere function. In addition, detection of transcripts from centromeric
DNA that represent structural component of centromere indicates possible importance
of structural elements at the level of RNA secondary or tertiary structures.
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Abstract Though centromeres have been thought to be comprised of repetitive,
transcriptionally inactive DNA, new evidence suggests that eukaryotic centromeres
produce a variety of transcripts and that RNA is essential for centromere competence.
It has been proposed that centromere satellite transcripts play an essential role in
centromere function through demarcation of the kinetochore-binding domain.
However, the regional limits and regulation of transcription within the mammalian
centromere are unknown. Analysis of transcriptional domains within the centromere
in mammalian models is impeded by the unbridgeable expanse of satellite monomers
throughout the pericentromere. The comparatively small size of the wallaby
centromere and the evolutionary role of the centromere in marsupial speciation
events position the wallaby centromere as a tractable and valuable mammalian
centromere model. We highlight the current understanding of the wallaby centromere
and the role of transcription in centromere function.
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4.1 Centromere Structure

4.1.1 Genetic Components of the Centromere

The centromere, often seen as a primary constriction on the chromosome (excluding
holocentric chromosomes where an entire chromatid can function as a centromere), is
the site of sister chromatid separation facilitated by spindle fiber attachment.
While the function of spindle attachment at the point of kinetochore formation is
conserved across eukaryotes, the sequence and structure of domains adjacent to
the centromere (the pericentromere) as well as the sequences found within the
centromere proper (the core) are highly variable and remarkably divergent. This
“centromere paradox” (Henikoff et al. 2001; see Sect. 4.2) has posed a challenge
both to identifying the underlying features, organization, or structure conserved within
centromeres of distantly related taxa and to defining the minimal requirements for
proper centromere function.

A common feature of centromeres in higher eukaryotes is the presence of satellite
DNA in both the core and the pericentric regions. While satellite DNA families can
be species-specific (Singer 1982), their seemingly ubiquitous presence at or near
centromeric domains suggests that they play a role in centromere function (Willard
1990; Eichler 1999; Henikoff et al. 2001). Fiber fluorescence in situ hybridization
(FISH), the hybridization of specific probe sequences directly to mechanically
stretched DNA fibers, is a powerful method to demarcate target sequence size and
order along the length of a single DNA strand. Coupled with long-range mapping,
these analyses have revealed that the blocks of centromere repeats range from 2 to
5 Mb in human and from 6 to 20 Mb in mouse (Choo 1997a). Similarly large cen-
tromere sizes have been estimated for several other higher eukaryotes (Choo 1997a,
b; Li et al. 2000). However, studies of the DNA in neocentromeres (new centro-
meres formed in ectopic locations) in humans (du Sart et al. 1997; Sullivan and
Willard 1998; Barry et al. 1999) and Drosophila (Williams et al. 1998) have shown
that classical satellites are absent from these locations. Thus, satellite DNA may be
sufficient for centromere function, but it is not required (Willard 1990; Csink and
Henikoff 1998).

The structures of yeast centromeres (both Shizosaccharomyces pombe and the
point centromeres of Saccharomyces cerevisiae) have been derived; until recently,
however, the sequence structure of centromeres of higher eukaryotes had been limited
to gross sequence organization. The small, heterogeneous sequence structure of
several rice centromeres was exploited to complete the first full characterization
and contiguous assembly of centromeres in a higher eukaryote (Nagaki et al. 2004;
Zhang et al. 2004). For example, the 1.65 Mb region of the centromere of chromo-
some 8 (Cen8) contains a delimited ~750 kb functional core with active genes and an
enrichment of young, active centromeric retroelements (CRRs) but lacks long expanses
of satellite arrays (Nagaki et al. 2004). It is hypothesized that this centromere is in
an intermediate stage of its evolution, with the potential to garner long expanses of
homogenous arrays as it ages (Nagaki et al. 2004; Chap. 6 in this book).



4 The Role of ncRNA in Centromeres: A Lesson from Marsupials 79

4.1.2 Functional and Epigenetic Components
of the Centromere

While the sequences comprising the mammalian centromere have been difficult to
capture, the protein organization has been well characterized. Residing at the inner
kinetochore plate of active centromeres (Warburton et al. 1997; Sullivan and
Karpen 2004), the centromere-specific protein CENP-A (also referred to as CID,
cenH3) replaces histone H3 (Sullivan et al. 1994) and is interspersed with normal
histone H3 containing nucleosomes (Sullivan and Karpen 2004; Lam et al. 2006).
Although the method of CENP-A deposition at the centromere is unknown, it is
localized exclusively to active centromeres and may not simply bind DNA, but may
be recruited through an unknown epigenetic pathway to the kinetochore (Mellone
and Allshire 2003). The centromere protein CENP-B localizes to the central
domain of the mammalian centromere defined by the presence of centromeric
heterochromatin. CENP-B binds a conserved DNA binding motif, known as the
CENP-B box, within a-satellite centromeric DNA in humans (Masumoto et al.
1989). This 17 bp motif is highly conserved from human to Australian marsupials
(Bulazel et al. 2006), yet the presence of CENP-B is not necessary to maintain
kinetochore function in CENP-B knockout mouse cells (Hudson et al. 1998).
However, CENP-B has been determined to be essential in the formation of de novo
human centromeres (Ohzeki et al. 2002).

Several heterochromatin-specific proteins are also involved in centromere function
and include H3 variants that have specific modifications to amino acid residues
(Lachner and Jenuwein 2002; Elgin and Grewal 2003; Lachner et al. 2003). For
example, trimethylation of lysine 9 (m3-H3K9) produces a modified histone found
in the constitutive heterochromatin at centromeres (Rice et al. 2003). Based on the
studies on yeast, it has been proposed that RNAs mediate the pairing of centromere-
specific DNAs to chromodomain-like adaptor proteins, which in turn recruit
histone methyltransferases (HMTases) that target the H3K9 residue for methylation.
This interaction may be stabilized by the centromere-specific heterochromatin
protein 1 (HP1) (Nakayama et al. 2001; Hall et al. 2002). The methylation of H3K9
also triggers DNA methylation of CpG residues in centromeres (Fuks et al. 2003).

Chromatin immunoprecipitation (ChIP) has been instrumental in isolating specific
DNA that binds centromere proteins in mammals. Studies using this technique in
human artificial chromosomes demonstrated that different centromere chromatin
domains are neither satellite sequence dependent nor specific to large, homogenous
arrays of centromeric satellites (Lam et al. 2006). Instead, specific regional proteins,
such as CENP-A and H3K9, are dynamic: they target centromere domains in a
nonsequence-dependent manner and can spread across non-satellite DNA. Thus, a
conserved centromere organization in eukaryotes may be more important in
regulating centromere function than the satellite sequences themselves (Partridge
et al. 2000; Pidoux and Allshire 2004; Sullivan and Karpen 2004; Lam et al. 2006).
However, the lack of complete molecular maps for any mammalian centromere, and
thus the inability to characterize the overall landscape and spatial organization of
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the elements at the mammalian centromere core, has limited our understanding of
the epigenetic framework of the mammalian centromere. Recently, a mammalian
model for centromere structure and organization with respect to the kinetochore-
delimited core region has been identified: the Australian marsupial, Macropus
eugenii (the tammar wallaby).

4.2 Marsupial Models for Studying Centromere
Function and Evolution

Having last shared a common ancestor with eutherian mammals ~166 million years
ago (mya) (Bininda-Emonds et al. 2007), marsupials are ideally situated as com-
parative models for eutherians and have afforded numerous insights into mamma-
lian physiology, ecology, evolution, and genetics (Renfree 2006). Within mammals,
there are three extant infraclasses: Eutherians, Marsupials, and Monotremes. The
latter group last shared a common ancestor with that of both eutherian and marsu-
pial mammals ~180 mya, placing marsupials in a unique position in which to infer
their ancestral states (Fig. 4.1).

Studies of chromosome evolution in mammals have focused heavily on the
evolution of conserved syntenic, gene-rich domains. It is also apparent that the
centromere plays an equally important role in chromosome evolution through its
involvement in fissions, centric fusions, translocations, inversions, and centric shifts
(also referred to as centromere emergence/repositioning). Several mammalian
systems show a dramatic level of karyotypic diversity (see Eldridge and Close 1993;
Wang 2000, for examples), frequently involving centromere-associated rearrangements.
The central question remains: could karyotypic diversity be driven by centromere-
associated changes? Henikoff and colleagues (Henikoff et al. 2001; Henikoff and
Malik 2002; Malik and Henikoff 2002) have proposed that the centromere is a selfish
entity, citing as evidence the extremely rapid evolution of centromeric satellites that
is tracked by positive directional selection of the centromeric histone H3, cenH3
(Malik and Henikoff 2001; Talbert et al. 2002; Chap. 2 in this book), in several

;| r— W Marsupials
Therians

147mya

Prototherians _——— g Eutherians

166 mya

Amniotes | 300mya \ Monotremes

Fig. 4.1 Phylogeny of extant mammalian infraclasses. Divergence date approximations taken
from Bininda-Emonds et al. (2007)
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organisms. The rapid evolution is envisioned as an arms race between selfish DNA
elements capable of distorting chromosome segregation (in female meiosis) in their
favor, while cenH3 is selected to maintain equal segregation. Thus, it has been
proposed that centromeres, acting in their “own interest,” facilitate the creation of
chromosomal rearrangements that lead to reproductive isolation and, ultimately, the
emergence of new species (O’Neill et al. 2004; Metcalfe et al. 2007). The rapid
karyotypic evolution within marsupial mammals has afforded an exciting and unique
model system in which to study centromere emergence, evolution, and function.

4.2.1 Marsupial Karyotypic Diversity

Marsupial chromosomes are among the most widely studied of any mammalian
group, with over 70% of the known ~334 marsupial species karyotyped (Hayman
1977, 1990). Central to the description of this karyotypic diversity is the involvement
of the centromere, either through its location on the chromosome or its involvement in
fissions, translocations, fusions, and shifts within marsupial genomes.

Among marsupials, macropodines have the most extensively studied and
well-characterized karyotypes in terms of G-banding, chromosome rearrangements,
and homologies. Interestingly, they also carry the most diverse array of karyotypes,
with diploid numbers ranging from 2n = 10,11 in Wallabia bicolor to 2n = 22 found
in several species and considered to be the ancestral karyotype for this subfamily
(Rofe 1979; Hayman 1990). The macropodines can be subdivided into three
groups, each representing different rates of karyotypic evolution.

The first group contains all the species within the genus Thylogale (pademelons).
All the species within this group retain the plesiomorphic macropodine karyotype,
2n = 22, and have undergone an apparent slow rate of karyotypic evolution.

The second group contains species within the karyotypically diverse genus
Macropus (kangaroos and wallabies) as well as the monotypic genus Wallabia (the
swamp wallaby). These species harbor karyotypic differences attributed mainly to
centric fusions. Most species carry a morphologically similar diploid complement
of 2n = 16, the chromosomes of which often represent different suites of fusions
(Hayman 1990). For example, M. giganteus and M. eugenii look karyotypically
identical using light microscopy; however, each carries a high level of intra-chro-
mosomal variation with respect to the proposed macropodine ancestral 2n = 22
karyotype (Rofe 1979; Bulazel et al. 2007).

The third group within macropodines is comprised solely of the genus Petrogale
(rock wallabies). Having undergone a recent and rapid explosion of chromosomal
evolution (Eldridge and Close 1993), all 21 taxa within this genus exhibit distinct
chromosomal complements, with the exception of two sub-species (Petrogale
xanthopus xanthopus and Petrogale xanthopus celeris) (Sharman et al. 1990).
Centric fusions, centric shifts, and inversions are characteristics of the majority
of Petrogale taxa (see Eldridge and Close 1993 for a review). New centromere
emergence occurs at a high frequency within this group; however, inversions are not
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responsible for the apparent mobility of the centromeres of this genus, rather the
centromere location has shifted relative to the ancestral state for any particular
chromosome (Eldridge and Close 1993).

Nineteen chromosome segments comprise the marsupial karyotype (North and
South American as well as Australian) and have been conserved as large syntenic
blocks within all species examined thus far (Rens et al. 1999, 2003; O’Neill et al.
2004). Using phylogenetic and karyotypic approaches, the presumed ancestral
Marsupial karyotype has been derived with respect to the 19 conserved blocks
(Rens et al. 1999, 2003). From this karyotype, the “shuffling” of conserved blocks
through rearrangement can be seen in many extant lineages (see examples Fig. 4.2).
Many of the breaks between these blocks have undergone convergent breakpoint
reuse in karyotypic rearrangements across disparate marsupial lineages (Rens et al.
2003). Several of these rearrangements involved centromere repositioning within a
single chromosome, resulting in a large number of potential latent centromeres
concentrated at breaks between conserved chromosome segments within several
marsupial lineages (Ferreri et al. 2005).

For example, tracing the phylogenetic history of marsupial conserved segments
13 (C13) and 14 (C14) on chromosome 2 through cross-species reciprocal chromo-
some painting (Rens et al. 2003) and G-band analyses (Rofe 1979; Hayman 1990;
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Fig. 4.2 Derivation of extant and ancestral karyotypes within marsupials with respect to the 19
conserved chromosome segments. Each segment has been color-coded. Extant karyotypes are
represented by M. eugenii (tammar) and Monodelphis domestica (South American opossum).
Hypothetic ancestral karyotypes for Macropodinae and all marsupial lineages are indicated. The
rearrangements required to generate the tammar karyotype are indicated
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Svartman and Vianna-Morgante 1999) revealed that these segments have experienced
fissions into two separate chromosomes in two divergent lineages who last shared an
ancestor >65 mya (Didelphis marsupialis, the North American opossum, a member of
the American marsupials, and Trichosurus vulpecula, the brush-tailed possum, an
Australian marsupial). As shown in Fig. 4.3, these two species have formed new
centromeres as part of this fission event. In the case of 7. vulpecula, the C14 fragment
was also involved in a fusion without an apparent inversion of material, indicating
that the centromere formed through the fission event on C14 was silenced and may
be retained in latent form.

Within the karyotype of the ancestor to the Macropodidae, the family of kangaroos,
wallabies and potoroos, including the wallaby M. eugenii, there has been a centric
shift of this chromosome from a metacentric form to an acrocentric form, again in the
absence of inversions. This shift is shared in several lineages, including all Macropodinae
(kangaroos and wallabies, including Macropus spp.) and Potoroinae (potoroos and
bettongs, including Aepyprymnus spp. which carries another shift) (Rens et al. 2003;
O’Neill et al. 2004). Thus, in the context of this phylogenetic history, the syntenic block
C13 within M. eugenii harbors two types of centromeres. The first is the active centromere.
This is the site of spindle attachment and kinetochore assembly (black circles, Fig. 4.3).
The second is the latent centromere found between C13 and C14 in M. eugenii, where
the centric shift occurred while leaving behind centromere sequences (grey circle,
Fig. 4.3; Ferreri et al. 2005; and see below). Repositioning events such as this example
are a recurring feature of marsupial karyotypic evolution, providing an ideal model
for understanding ectopic centromere emergence in an evolutionary context.
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Fig. 4.3 Phylogenetic tree of Marsupialia species with informative chromosome rearrangements
for chromosome 2, indicating the evolutionary path of conserved segments C13 and C14. The
centromere is shown to the right of metacentric chromosomes and above acrocentric chromosomes.
Latent centromeres are indicated, as those that are the result of fission (as per KEY in inset)
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4.2.2 Latent Centromeres in Marsupials

The ectopic emergence of a de novo centromere most frequently occurs to provide
mitotic stability to otherwise acentric chromosome fragments resulting from
rearrangement (Amor and Choo 2002; Warburton 2004). In similar manner, ectopic
centromeres can appear on otherwise normal chromosomes to create dicentrics.
Approximately 70 described cases of neocentromeres have been identified on 19
human chromosomes (Warburton 2004). Almost 10% of these cases are meiotically
stable and heritable (Knegt et al. 2003; Amor et al. 2004). Three clear “hot spots”
for neocentromeres have been identified within the human karyotype (3q26-qter,
13q21-32, and 15q24-26) (Amor and Choo 2002), implying a nonrandom mechanism
for their appearance. This has implications not only for the role neocentromeres
play in human genetic disease but also for their role in creating karyotypic diversity
involving repositioning of a centromere.

Latent sites giving rise to dicentrics and neocentromeres lack the satellite
sequence features characteristic of normal chromosomes (Sullivan and Willard 1998;
Barry et al. 1999; Lo et al. 2001a, b; Alonso et al. 2003), suggesting that satellite DNA
is not necessary for the demarcation of a new centromere location. An epigenetic
mechanism for the repatterning of a segment of chromatin to perform as a competent
site of kinetochore attachment and assembly has, therefore, been hypothesized as
the priming event for centromere emergence (Choo 1997b; du Sart et al. 1997).
Under its initial description, this “latent centromere hypothesis” relies on the
presence of a centromere-specific sequence at the site of imminent centromere
formation. Recently, this hypothesis has been modified to suggest that there may
be latent chromatin and/or genomic structures that act as a mark for centromere
formation (Ventura et al. 2004).

Using FISH with BAC probes, labeling several human chromosomes, and in silico
analyses of the BAC sequences, Ventura et al. (2003) identified a putative latent
centromere in 15q25. This centromere was inactivated at the time of the fission event
that resulted in chromosomes 14 and 15 and the emergence of two new centromeres.
This ancestral location coincides with neocentromere formation in 15q24-26 in at
least two human cases, further supporting the latent centromere hypothesis. We have
applied a similar approach for studying the relationship between the breakpoints
conserved between the 19 chromosome blocks that define marsupial karyotypes,
the evolution of centromere sequences and resident retroelements. Through previous
work on interspecific hybrids, we identified a conserved retroelement, KERYV,
that is found within the centromeres of two of our model species, M. eugenii and
M. rufogriseus (the red necked wallaby) (see Box. 1). Screening a M. eugenii BAC
library with a portion of KERV, we mapped 48 KERV-positive BACs to M. eugenii
metaphase chromosomes. While expecting centromere localization, we were
surprised to find that these BACs map to breakpoints between the 19 conserved
chromosome blocks as well as centromeres and telomeres (Fig. 4.4). Some of the
BAC locations (red arrows, Fig. 4.4) were not previously identified as breakpoints,
but phylogenetic inference has shown that these are ancestral centromere locations
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Box 1 Marsupial models
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Our efforts to isolate centromere-specific sequences initially focused on the
macropodine (kangaroos and wallabies) species Macropus rufogriseus bank-
sianus. This species has a 2n = 16 karyotype with an identical complement to
that of M. eugenii. However, each chromosome of M. rufogriseus carries
unusually extensive constitutive heterochromatin at the centromeres com-
pared to other mammalian species, including its sister species, as determined
by C-banding (Rofe 1979; Lowry et al. 1994). The size of these regions
allowed for easier manipulation by microdissection for isolation of centro-
mere DNAs

within marsupials. For example, one of these locations, within C10 on chromosome 1,
is a known break of synteny between M. eugenii and M. domestica (the South
American opossum, Deakin, personal communication), with whom M. eugenii last
shared an ancestor for ~65 mya.
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Fig. 4.4 Map of KERV locations within the M. eugenii karyotype overlaid on an ideogram showing
the 19 chromosome segments conserved in marsupials (colored and labeled to the left of each seg-
ment) along each chromosome (listed to the bottom). The locations of KERV sequences identified
by Fluorescence in situ hybridization (FISH) are indicated in oval and those identified by BAC
mapping are indicated by dots. Arrows highlight three KERV locations that are centromeres in
another marsupial species yet are not considered breaks between conserved chromosome blocks
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Retention of specific centromere sequences at evolutionary breakpoints provides an
intriguing correlation between retroelements and the reshuffling of chromosome blocks
in marsupials. Deactivation or reactivation of a centromere (from a latent to an
active centromere in the case of the former and vice versa in the case of the latter) may be
facilitated by increased retroelement activity such as accompanying genome instability
(see Box 2 for a discussion of hybridization-induced instability at centromeres).

4.2.3 Identification and Functional Characterization
of Centromeric Satellites in Macropus

Initial efforts to isolate other centromere-specific sequences again focused on
M. rufogriseus. Using a combination of microdissection and microcloning, the
centromere of the X chromosome from this species was isolated. Within this centro-

Box 2 Analysis of hybrid genomes.

Further evidence for the correlation between centromere dynamics and
karyotypic diversity in marsupials has been found in the genomes of interspe-
cific hybrids within the Macropus genus. Several dysgenic hybrids display
karyotypic aberrations almost exclusively associated with centromeric abnor-
malities, including translocations and amplifications (O’Neill et al. 1998,
2001). Detailed analysis of several hybrids from different interspecific crosses
has shown instabilities linked to the retroelement KERYV, attributed to a sig-
nificant copy-number increase of this sequence in the centromere (O’Neill et
al. 1998; Metcalfe et al. 2007). Recent research has shown that this centro-
meric amplification also associates with fusion and fission events, as well as
knob-formation, a potentially meiotically driven element (Rhoades and
Dempsey 1966). Thus it appears that the centromere, or at least centromere-
associated sequences, may have played a pivotal role in chromosome restruc-
turing and centromere repositioning in macropodines.

Examination of several marsupial interspecific hybrids has suggested that
chromatin remodeling and genomic rearrangements are restricted to the cen-
tromere (O’Neill et al. 1998, 2001; Metcalfe et al. 2007). In particular,
Macropus rufogriseus x Macropus agilis hybrid chromosomes are typified by
centromere abnormalities and rearrangements involving the centromere of the
maternal complement (M. rufogriseus). Large blocks of heterochromatin sur-
rounding the centromere characterize M. rufogriseus chromosomes, whereas
the centromeres of the paternal species, M. agilis, consist of very little hetero-
chromatin. The centromeres of both species are comprised of two predominate
sequences, the a-like satellite sat23 and the endogenous retrovirus KERYV, but
differ in relative abundance of these sequences (Bulazel et al. 2006).
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Box 2 (continued)

M. rufogriseus x M. agilis hybrids demonstrate an increase in both sat23
and KERV copy number and abnormally extended maternal chromosomes
(Metcalfe et al. 2007) (a) indicating there is an amplification of KERV and
sat23 at the centromere. In conjunction with this, scanning electron microscopy
indicates that the hybrid centromeres have an increase in DNA content at the
centromere, with an uneven distribution of DNA throughout the hybrid centro-
mere (b) as compared to the normal maternal centromere (Metcalfe et al. 2007).
Concomitant with these changes to maternally derived centromeres is a markedly
higher incidence of centromere-limited chromosome rearrangements, including
(¢) isochromosomes, (d) whole arm reciprocal translocations, (e) fissions, and
(f) minichromosomes

mere DNA library, we identified a sequence class, sat23, that is a 178 bp repeat with
long-range periodicity that contains the CENP-B 17 bp DNA binding domain,
actively binds CENP-B in vitro and in vivo, and localizes to the centromeric region
of every chromosome (Bulazel et al. 2006, 2007). Thus, sat23 represents the
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alphoid-like satellite of this species. Two other sequences were identified within
this library of cenDNA: satl, a sequence restricted to the centromeres of the sex
chromosomes of this species, and sat29, a sequence shared between the centromeres
of the sex chromosomes and chromosome 2.

Using a comparative phylogenetic approach examining the conservation of these
satellite classes across Macropus species, we uncovered a remarkable contradiction
to the observation that satellites evolve rapidly; the satellite sat23 represents the major
satellite component of most species within the Macropus lineage. The only exceptions
to this are M. giganteus (the grey kangaroo) and Wallabia bicolor (the swamp
wallaby). These species no longer carry this sequence as its predominant satellite;
instead, the centromeres of the former species carry satl as its predominant centro-
meric satellite and the centromere satellites of the latter species are unknown.

The “true” phylogenetic history of Macropus species, determined by a combination
of nuclear and mtDNA Baysian analyses, was compared to a phylogenetic tree
derived from the most parsimonious relationships of these species determined
solely by chromosome segments (Bulazel et al. 2007). This comparison shows that
these two phylogenetic trees are discordant (Fig. 4.5). While the nuclear/mtDNA
tree is clearly an accurate assessment of phylogenetic relationships of these
species, the power of this comparison lies in the identification of breakpoint reuse
within this group of mammals. In other words, the karyotypically similar species
are not necessarily phylogenetic sister-taxa; rather, they have derived similar karyo-
types through the reuse of specific breakpoints.

Mapping the satellite data for the aforementioned sequences back onto the “true”
phylogenetic tree of these species provided some insight into the conservation of
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M. eugenii

M. agilis

M. rufogriseus
M. parma
2N=16

M. giganteus
2N=16
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Fig. 4.5 Comparison of the Macropus phylogenetic tree derived from nuclear/mtDNA sequences
employing Baysian approaches (left) compared to the Macropus phylogenetic tree derived from
an analysis of the conserved chromosome blocks employing the GRIMM algorithm (right).
The lineages for which there is tree topology agreement are indicated with dashed lines while the
lineages for which these two trees are discordant in topology are shown with solid lines
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satellite sequences in distantly related taxa within this group of mammals. It appears
that the reuse of breakpoints within Macropus is restricted to specific chromosomal
segments (C1, C2, C8, C10, C15, C18) and that the conservation of satellites is coincident
with the reuse of these segments (see Fig. 4.6 for an example in M. robustus). Thus,
convergent breakpoint reuse may be the mechanism by which these sequences
remain at specific centromeres (Bulazel et al. 2007).

4.2.4 Centromere Size and Gross Organization
within M. eugenii

The large size of the centromere domains of M. rufogriseus precludes further
long-range sequence analysis. Therefore, the conservation of sequences identified
in M. rufogriseus was investigated within another 2n = 16 macropodine species,
M. eugenii, the tammar wallaby. As a model for centromere research, the tammar is
markedly different from M. rufogriseus: its centromeres are extremely small and the
constitutive heterochromatin content is so low as to be undetectable by C-banding
(see Box 1). Despite the difference in overall quantity of centromeric DNA between
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Fig. 4.6 FISH mapping of satellites (red) sat23 (fop) and satl (middle) to metaphase chromo-
somes of M. robustus (the wallaroo). Arrows indicate the chromosomes (1, 5, and 6) that have
retained sat1 sequences through breakpoint reuse of the conserved segments (in bold) that are reused
in multiple Macropus lineages. The ideogram for M. robustus with respect to the 19 conserved
chromosome segments is shown at the bottom
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these two species, sat23 is also found at the centromeres of every chromosome in
tammar (Fig. 4.7).

Like sat23, the retroelement KERV is found concentrated at tammar wallaby
centromeres (Ferreri et al. 2004; Fig. 4.7), and FISH demonstrates that both
sequences occupy the same centromeric domains. Fiber FISH on single DNA fibers
indicates that the two sequences do not occupy separate, juxtaposed blocks but are
instead interspersed with one another throughout the centromere. Significantly, this
overall hybridization pattern is not concordant with the pattern of blocks of
tandemly arrayed satellites observed in mouse and human, but is most similar to
the hybridization pattern observed for the Cent-O satellite and CRRs found in rice
centromeres (Fig. 4.7). The similarity between the organization of the small centromeres
within a mammal and a plant, two disparate lineages, support the hypothesis that a
conserved centromere structure exists for higher eukaryotes. Under a model for
centromere structure where the core contains retroelements and satellites interspersed
with one another, the accumulation of large tracts of satellites surrounding this core
occurs after fixation (and likely over long periods of chromosomal stability) of the
newly formed centromere within a population (Table 4.1).

The second striking observation from fiber FISH experiments is that the centro-
meres of tammar are also similar to several rice centromeres in overall size. On the basis
of kb/micron calibration, the average length of centromeres across all chromosomes
within tammar is 420.2 + 14.4 kb (Carone et al. 2009). This was confirmed by
measurements of centromere length in fiber FISH and immunofluorescence (IF)
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Fig. 4.7 FISH with centromere sequences to metaphase chromosomes (DAPI-stained Blue) of
M. eugenii. Top: (a) Inverted DAPI image with the centromeres indicated with a red spot; (b) sat23
(green), (¢) KERV (orange), (d) merged image. Bottom: Composite image illustrating the structural
differences between (a) mouse centromeres (Garagna et al. 2002; Kuznetsova et al. 2006) and (b) rice
CEN4 and CENS, respectively (Cheng et al. 2002) and (c¢) M. eugenii centromeres using fiber
FISH mapping. To the left is a representation of probe order and overall centromere size and to
the right is the corresponding FISH images
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Table 4.1 Summary of repeat and RNA transcript data known for several eukaryotic model species,
discussed earlier

Centromere
Organism Centromere repeats ~ Centromere RNAs Small RNAs  dsRNAs  retroelements

Yeast* Otr repeats Yes siRNAs Yes no
Rice® CentO Yes siRNAs Yes CRR
Maize CentC Yes unknown Yes CRM
Tammar  sat23 Yes Yes Yes KERV
Mouse major, minor Yes inferred Yes KERV®
Human alpha, gamma, satlll Yes inferred Yes LINE-1

Centromere repeats in italics are only a subset of the specific satellite sequences known and are
carried as tandem arrays

4S. pombe

"Represented by a subset of rice chromosomes

¢O’Neill, unpublished

experiments using CREST sera (Carone et al. 2009), containing antibodies for
kinetochore proteins CENP-A, B, and C and supported by the lack of C-band positive
material at these centromeres (see Box 1), indicating a microscopically undetecta-
ble amount of heterochromatin in this species. This centromere size is notably
smaller than the 2-5 Mb centromeres/pericentromeres of human and 6-20 Mb
centromeres/pericentromeres of mouse (Choo 1997a; Fig. 4.7) and provides a
model system in which to study centromere structure and function. Current studies
are now focused on the functional components of the tammar centromere, including
the involvement of RNAs in centromere maintenance.

4.3 Noncoding RNA and the Centromere

Centromeres have long been thought to comprise noncoding and transcriptionally
inactive DNA. However, recent evidence suggests that eukaryotic centromeres
produce a variety of transcripts. The transcription of satellites has been observed
in numerous eukaryotic species across a broad range of phyla, from yeast to
human (Diaz et al. 1981; Miyahara et al. 1985; Epstein et al. 1986; Wu et al. 1986;
Bonaccorsi et al. 1990; Belyaeva et al. 1992; Rudert et al. 1995; Rouleux-Bonnin
et al. 1996; Renault et al. 1999; Lachner and Jenuwein 2002; Volpe et al. 2002,
2003; Lehnertz et al. 2003; Li and Kirby 2003; Fukagawa et al. 2004; Topp et al.
2004; Bouzinba-Segard et al. 2006; Lee et al. 2006). The wide-spread conserva-
tion of satellite transcription is consistent with a conserved regulatory role for
these transcripts in gene regulation or chromatin modification (Ugarkovic 2005).
These transcripts may function in one of the three ways: (1) They may facilitate
post-transcriptional gene regulation (Li and Kirby 2003), potentially through
the RNA-induced silencing complex (RISC). In this pathway, double stranded
(ds) RNAs are cleaved into short interfering RNAs (siRNAs, 21 nucleotide
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double stranded RNAs) that, upon association with RISC, mediate native mRNA
inactivation (Hammond et al. 2000). (2) They may participate in the RNA-
induced transcriptional silencing complex (RITS), a pathway in which siRNAs
are involved in heterochromatin recruitment (Volpe et al. 2002, 2003). (3)
Alternatively, in a manner analogous to the Xist transcript in mammalian
X-inactivation, they may recruit heterochromatin assembly factors such as histone
deacetylases, SET domain proteins, and Polycomb group proteins (Heard 2005).
Although the mechanisms are unknown, evidence that satellite transcripts partici-
pate in heterochromatin assembly and/or nucleosome recruitment at centromeres
is accumulating.

In Shizosaccharomyces pombe centromeres, dsSRNAs transcribed from the dh
and dg repeats in the pericentric otr region produce siRNAs that are bound to the
RITS complex and bring about H3 lysine-9 methylation through the RNA inter-
ference pathway (RNAi) (Volpe et al. 2002, 2003). In maize, transcripts have
been identified from both strands of the 156 bp CentC centromere-specific repeat
as well as the centromere-specific CRM retroelement, each of which coimmuno-
precipitates with the CENP-A antibody. Although no siRNAs were found in this
study (Topp et al. 2004), siRNAs have been identified for CentO repeats, the
analogous centromere-specific repeat in rice (Lee et al. 2006), indicating that the
RNAIi pathway may be involved in centromere transcript processing in plants.
Thus, a complex interaction of RNAs, modified histones, and DNA define the
genomic locations that act as centromeres. Recent work in mouse, human, and
our work in tammar suggests that this may also be true of mammalian
centromeres.

Obliteration of dsRNA in mouse results in the loss of centromere foci in
interphase nuclei (Maison et al. 2002). Mouse cells null for dicer, the gene encoding
the enzyme responsible for cleaving dsRNA into siRNAs, show a similar centromere
defect (Peters et al. 2001; Kanellopoulou et al. 2005), implicating an RNA silencing
pathway in centromere function in mammalian cells through dsSRNA processing.
Fukagawa et al. (2004) used human—chicken somatic cell hybrids to demonstrate
that dicer conditional loss of function mutant cells lack centromeric heterochromatin
and exhibit an accumulation of centromere satellite transcripts, implicating the need
for dicer to cleave them into smaller RNAs. From these studies, it has been
proposed that centromere satellite transcripts have a role in kinetochore assembly
in mammals through kinetochore demarcation and heterochromatin establishment
(Fukagawa et al. 2004; White and Allshire 2004).

The transcription of centromere sequences appears to be under strict regulation
in human and mouse cells. Stresses, such as heat shock, nutrient deficiency, apoptosis,
and chemical shock result in genetic instability that ultimately leads to aneuploidy,
loss of sister chromatid cohesion, and abnormal chromosome segregation. These
defects are directly correlated with aberrant transcription of centromere satellites.
In mouse, 120 nt transcripts for the minor satellite accumulate under stress conditions
that ultimately lead to abnormal centromere function (Bouzinba-Segard et al. 2006).
Similar aberrant transcript accumulation has been found for satellite III (satIll)
satellites in human cells under stress conditions (Valgardsdottir et al. 2005). Based
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on these studies, and the dicer deficient cell assays, it has been proposed that the
accumulation of these transcripts results from improper RNA processing of larger
transcripts, resulting in a reduction of small RNAs that participate in the recruitment
of specific histones critical for centromere functioning.

In mammals, however, the large size of mammalian centromeres and the presence
of large tracts of repetitive DNA within them have limited studies on the role of
small RNA transcription in centromere function. Previous studies have failed to
identify the class of small RNAs produced from mammalian centromeres, their
native transcript forms, and the regional boundaries of transcriptional activity. Most
importantly, the mechanism through which transcription of these satellite sequences
is promoted is unknown (White and Allshire 2004). It has been proposed that
transcriptional control through retroelements may facilitate the satellite sequence
transcription observed in a broad range of vertebrate species (Diaz et al. 1981;
Ugarkovic 2005; see Sect. 4.3.2).

4.3.1 The Role of snRNA in Marsupial Centromeres

We have previously highlighted the localization of a retroelement, KERYV, to
centromeres of Macropodines (see Sect. 4.2.2). KERV is an endogenous retrovirus
(O’Neill et al. 1998) characterized by open reading frames for gag, pro, and pol
bounded by two identical long-terminal repeats (LTRs) and is found in all Macropodine
lineages (Ferreri et al. 2004). The striking similarity between the interspersed
arrangement of retroelements and centromeric satellites in rice (Cheng et al. 2002)
and maize (Jin et al. 2004) and the interspersed arrangement of KERV and the
centromeric satellite sat23 (Carone et al. 2009; see Sect. 4.2.4) concomitant with
the discovery of siRNA emanating from CentO satellite transcripts in rice (Lee et al.
2006) compelled an investigation into the role of transcription and small noncoding
RNA in macropodine centromeres.

To this end, RNA depletion experiments followed by immunocytochemistry
localization of centromere and heterochromatin proteins indicated that RNA is
necessary for the recruitment of centromere (CENP-A and CENP-B) and hetero-
chromatin (tri-methyl H3K9) proteins (Carone et al. 2009). Further investigation
into the RNA species involved in this association and the transcripts produced from
known centromeric sequences and, in particular small noncoding RNA, indicated
that small RNA transcripts produced from M. eugenii centromeres are not in the
size range of siRNA (21-23 nt) as seen for plant and yeast satellite sequences. In
contrast, the small RNA produced from the wallaby centromeres are 34—42 nt, a
previously unknown size class termed crasiRNAs (centromere repeat associated
small interacting RNAs) (Carone et al. 2009). Furthermore, we propose that the
production of crasiRNAs occurs via a dsRNA intermediate facilitated by the known
bidirectional promoter capability of the KERV LTR (Carone et al. 2009) (far left,
Fig. 4.8). We hypothesize that these small RNAs are tightly linked to retroelement
activity and are integral to centromere functioning.
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Fig. 4.8 Proposed model of centromere transcription and its role in centromere emergence (i.e.,
reactivation of a latent site). Transcription of centromere sequences at active centromeres (cen) is
mediated by the bidirectional promoters of the LTRs (magenta boxes to left and right and red
circles on chromosomes). Green boxes on the left represent sat23 while orange boxes on the right
represent newly derived satellites, blue boxes are the internal portion of KERYV, spaces represent
other, as yet, unidentified sequences. Double stranded RNA transcripts are shown and are processed
into crasiRNAs via an unknown pathway (green). Putative recruitment of cen proteins or epigenetic
modifiers (purple) to active centromeres is mediated by single stranded crasiRNAs. Destabilization
of the centromere, leading to translocations, fusions, fissions, and chromatin remodeling (shown
at bottom as observed in hybrids reported herein), results in a shift of crasiRNA transcription to
previously seeded KERV locations (latent cen)

4.3.2 Retroelements: An Integral and Functional
Component of Centromeres?

Dawe (2003) and Wong and Choo (2004) have hypothesized that retroelements and
their associated machinery may be integral to centromere functioning based upon
three different lines of evidence. First, in plants some transposable elements have a
genomic distribution restricted to the centromere. The centromere-specific retroele-
ments in rice (CRR) are of the Ty3/gypsy class, map exclusively to centromeres (Cheng
et al. 2002), and are strikingly dense in the kinetochore region of the centromere
(Nagaki et al. 2004). Centromere retroelements (CRs) in both maize and rice associate
preferentially with CENP-A (Zhong et al. 2002; Nagaki et al. 2004, 2005). Similar
retrotransposon specificity for centromeres has been identified in many other plant
species, including grasses, wheat and rye, and beet species (reviewed in Jiang et al.
2003). Interestingly, the LTRs (long terminal repeats) of the CRs of rice, barley, and
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maize share significant sequence identity (Nagaki et al. 2003, 2005), implying
constraint on their nucleotide sequence, contrary to both the centromere paradox
and the commonly observed pattern of retroelement evolution.

LTRs act as strong promoters and are the primary means for an invading or
mobilizing element to “highjack” the host’s cellular machinery for self-replication.
In this process, LTR promoters out-compete nearby native promoters for the same
protein complexes, producing more retroelement RNAs (Coffin et al. 1997). The LTR
promoters can retain their transcriptional potential once the sequence becomes
integrated into the genome. As they age, these LTR sequences lose their ability to
promote transcription through genetic drift and mutation caused by host defense
mechanisms (Yoder et al. 1997). The retention of transcriptional machinery within
the CR retroelement LTRs has led Jiang et al. (2003) to hypothesize that production
of RNA transcripts by these LTRs facilitates the establishment of CENP-A domains
in the demarcation of the active centromere.

Second, in several cases divergent repeat arrays within centromeres retain
features of the retroelements from which they were derived (Wong and Choo 2004).
For example, two clusters of tandem repeats, ENSATI and ENSAT2, found in the
pericentromere of A. thaliana chromosome IV share sequence similarity (72%
and 79%, respectively) with the 5" terminus of the Atenspm2 transposon (Kapitonov
and Jurka 1999). Thus, satellites found in centromere domains may be derived
from retroelements, possibly through replication slippage, extensive deletion, or
nonhomologous recombination.

Third, at least one centromere protein may have been derived from transposable
element machinery. The amino acid sequence of CENP-B, a DNA-binding protein
involved in the establishment of centric heterochromatin (see Sect. 4.1.2), shows
significant similarity to tigger, a member of the TC1/mariner transposases (Kipling
and Warburton 1997). The homologs of CENP-B in S. pombe, Cbh1 and Cbh2, both
bind repeats found in the outermost pericentric block of DNA (otr) (Nakagawa
et al. 2002). This interaction, likely mediated through siRNAs produced from specific
repeats (dg and dh) in this block, is crucial for the establishment of H3K9 methylation
at the centromere (Volpe et al. 2003). The coincidence of RNAs that are derived
from retroelements found at plant centromeres and the association of RNAs and
CENP-B homologs in the establishment of H3K9 methylation and constitutive
heterochromatin formation in S. pombe further bolsters support for an integral role
for transposable elements in the function of centromeres.

While the Dawe/Wong and Choo hypothesis has garnered robust support in plants
(e.g., Zhong et al. 2002; Topp et al. 2004; Neumann et al. 2007), very little work has
been done to test this theory directly in mammals. However, a recent study by Chueh
et al. (2005) describes a positive correlation between neocentromere formation and
transposable elements in humans, implicating LINE-1 in centromere initiation.

The observation of an interspersed arrangement of a centromeric satellite and a
centromere-specific retroelement coupled with the evidence for the involvement of
retroelements in centromeres provides the basis for a model of transcription of
centromeric sequences in the tammar wallaby (Fig. 4.8). In this model, the strong
bidirectional promoter capability of the KERV LTR produces long double-stranded
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RNAs for both KERV and surrounding sequences (i.e., sat23) (Carone et al. 2009).
This long dsRNA is then processed via an unknown mechanism into crasiRNAs,
~40 nt in length. The crasiRNAs are involved in the recruitment of heterochromatin
and/or centromeric (kinetochore) proteins (Carone et al. 2009). The mechanism of
this process may be similar to the recruitment of H3K9 via the RITS complex by
siRNA emanating from dg and dh repeats in yeast (Volpe et al. 2002); however, the
intermediate proteins involved in such a pathway are currently unknown.
Interestingly, the observation of 40 nt snRNA associated with centromere proteins
and sequences has also been reported in maize (Topp et al. 2004) and rice (Jin et al.
2004). Therefore, the production of snRNA, and in particular crasiRNAs, from
centromeres and the involvement of small RNAs in recruiting centromere-specific
proteins may be more conserved than previously thought.

Destabilization of centromeric chromatin states, perhaps through interspecies
hybridization, cellular stress, or even random mutation, may shift the transcrip-
tional activity of retroelements producing crasiRNAs from active centromere loca-
tions to previously seeded centromere locations (i.e., latent centromeres). It is
unknown how this shift occurs and under what selection pressures fixation of such
a centromere shift within a population might arise (Fig. 4. 8). It will be interesting
to follow this field as we garner more insight into the components responsible for
centromere protein deposition as well as the consequences of centromere mobility
during species evolution.
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Abstract The centromere has a pivotal role in structuring chromosomal architecture, but
remains a poorly understood and seemingly paradoxical “black hole.” Centromeres
are a very rapidly evolving segment of the genome and it is now known that centromere
shifts in evolution are not rare and must be considered on a par with other chromo-
some rearrangements. Recently, unprecedented findings on neocentromeres and
evolutionary new centromeres (ENC) have helped clarify the relationship of the
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centromere within the genome and shown that these two phenomena are two faces of
the same coin. No prominent sequence features are known that promote centromere
formation and both types of new centromeres are formed epigenetically, both clini-
cal neocentromeres and ENC cluster at chromosomal “hotspots.” The clustering of
neocentromeres in 8p is probably the result of the relatively high frequency of non-
canonical pairing. Studies on the evolution of the chromosomes 3, 13, and 15 help
explain why there are clusters of neocentromeres. These domains often correspond
to ancestral inactivated centromeres and some regions can preserve features that
trigger neocentromere emergence over tens of millions of years. Neocentromeres
may be correlated with the distribution of segmental duplications (SDs) in regions of
extreme plasticity that often can be characterized as gene deserts. Further, because
centromeres and associated pericentric regions are dynamically complex, centro-
mere shifts may turbocharge genome reorganization by influencing the distribution
of heterochromatin. The “reuse” of regions as centromere seeding-points in evolution
and in human clinical cases further extends the concept of “reuse” of specific
domains for “chromosomal events.”

5.1 The “Black Hole”

The centromere, a term coined by Darlington 1936, is the primary constriction
where the kinetochore forms and the spindle fiber attaches to ensure correct chro-
matid segregation during cell division. The centromere has always been given a
pivotal role in structuring chromosomal architecture, and classical analyses emphasized
Robertsonian fissions and fusions as well as pericentric inversions as the principle
mechanisms in the transformation of species diploid (2n) and fundamental numbers
(FN, number of chromosome arms). More recent investigations have also paid
attention to deletions, duplications, tandem fusions, and centromere shifts, with
both the deactivation and the activation of centromere playing a fundamental role.
The pericentromeric regions of centromeres are regions rich in duplicons, trans-
posons, retro elements, and even pseudogenes and expressed genes. They are hot
spots of chromosome changes in both evolution and in disease (Villasante et al. 2007).

Clearly then, the centromere is a key structure in the evolution of eukaryotic
chromosomes, yet remains poorly understood and seemingly paradoxical. Early
work suggested that particular satellite sequences were involved in centromere
formation but the comparative study of centromere DNA showed that it was highly
variable across species (O’Neill et al. 2004) (see Chaps. 2—4 of this book).

In the last years, unprecedented findings on neocentromeres and evolutionary
new centromeres (ENC) added additional oddities to this “black hole” of biology.
On the other hand, they started to clarify the complex relationship of the centro-
mere with the underlying sequences. Montefalcone et al. (1999) showed that a
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centromere, during evolution, can move along the chromosome without any
accompanying chromosomal rearrangements. This unusual centromere behavior is
now well documented in a large array of taxa, in particular, primates. It was also
shown that ENCs have an intriguing connection with a related phenomenon:
human clinical neocentromeres. This chapter mainly addresses the evolutionary
aspects of neocentromeres, but ENCs and neocentromeres are, very likely, two
faces of the same phenomenon. For this reason, the clinical neocentromeres will
be briefly summarized in the following paragraph. For an exhaustive review see
Marshal et al. (2008)

5.1.1 Human Clinical Neocentromeres

Neocentromeres are analphoid centromeres that emerge in ectopic chromosomal
regions. The emergence of a neocentromere most frequently occurs to provide
mitotic stability to otherwise acentric chromosome fragments resulting from a rear-
rangement (Amor and Choo 2002; Warburton 2004; Marshall et al. 2008). The
stabilized supernumerary chromosome has detrimental phenotypic consequences,
and it is usually discovered when these clinical patients are examined cytogenetically.

Nearly 100 such cases were reported in the literature (cf. Marshall et al. 2008).
Marshall et al. (2008) report that clinical neocentromere are noted once in every
70,000-200,000 live births, but these studies do not include the incidence of
balanced rearrangements which have no phenotypic consequences and are not
caught by the clinical filter (see Capozzi et al. 2008). Sometimes balanced neocen-
tromeres are serendipitously found in normal individuals (see below). The chromosomal
distribution of neocentromeres is reported in Fig. 5.1.

As mentioned, neocentromere emergence is usually an opportunistic, secondary
event, concomitant to a rearrangement that generated an acentric fragment. This
implies that human clinical neocentromeres are not the consequence of any kind of
sequence transposition or mutational modification, and that, consequently, these
events are epigenetic in nature (Alonso et al. 2003) (see also Chap. 1 of this book).

The chromosomal localization of neocentromeres (see Fig. 5.1) has usually been
attained by fluorescence in situ hybridization (FISH) using BAC or similar DNA
probes, with the aim of identifying clones mapped to opposite sides of the centromere.
Occasionally, this approach for various reasons provided only an approximate mapping.
One reason is that the neocentromere does not contain a heterochromatic block that
can be very helpful in orienting the probe hybridization to one side or the other of
the centromere. Additionally, several supernumerary, neocentromeric chromo-
somes have an inverted-duplication structure that makes characterization difficult.
Neocentromeres in small ring chromosomes are also difficult to map because the
primary constriction is not easily identified. These limitations explain why the
mapping of chromosomal regions harboring neocentromeres was sometimes fairly
approximate (see Fig. 5.1). In some instances, however, the neocentromere was
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Fig. 5.1 ENCs and neocentromeres. The ideograms graphically report human clinical centro-
meres, represented by a black bar spanning the seeding point, on the right of each chromosome
(modified from Marshall et al. 2008). The figure includes 1 new clinical centromere reported on
chromosome 9 (Capozzi et al. 2008) and one repositioned centromere on chromosome 6 (Capozzi
et al. in press). The localization appears very approximate in some instances, for the reasons
discussed in the text (Sect. 5.1.1). The three repositioned centromeres found in normal persons are
represented by a small green circle. ENCs are indicated, in red, on the left of the chromosomes.
Red arrows indicate inactivated ancestral centromeres. The Supplement Table 5.1 (see at the end
of this chapter) reports in detail the data graphically summarized in this figure

18 17 18

mapped down to the sequence level using a ChIP-on-chip approach. In this method,
living cells are crosslinked in situ by adding formaldehyde. DNA is then sheared by
sonication and immunoprecipitated using antibodies against centromeric proteins
(CENP, usually CENP-A and CENP-C). Purified DNA fragments are then amplified,
labeled, and hybridized to a high density BAC or oligo arrays (see Capozzi et al.
2008). Thirteen neocentromeres were precisely mapped in this way (Lo et al.
2001a, b; Alonso et al. 2003, 2007; Saffery et al. 2003; Sumer et al. 2003; Chueh
et al. 2005; Cardone et al. 2006; Capozzi et al. 2008). The CENP domain ranged
from ~54 to 450 kb. The size can be occasionally over-estimated if BAC arrays are
used. Sequence comparison among these regions did not show any prominent features
that could be predictive of centromere-forming potential. In other words, it is not
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evident what makes a sequence “centromere competent.” Another complication is
the striking difference between a “normal” centromere, up to 3—4 Mb in size, and
neocentromeres composed of as low as 50 kb of “plain” sequence. It has to be noted,
however, that the frequently reported mosaicism suggests that neocentromeres are
not so efficient. This point will be further discussed below.

The phenotypic problems inherent in patients with neocentromeres also imply
that they have no evolutionary future. It can be easily hypothesized that the fitness
of these individuals is negligible. The neocentromere-ENC connection could
therefore appear problematic. However, some recent lines of evidence suggested a
surprisingly strong relationship. For instance, same chromosomal domain can be
used as seeding-point for both neocentromeres and ENCs. A second line of evidence
revealed that some seeding-point domains correspond to ancestrally inactivated
centromeres (see below). Lastly, three familial cases of human neocentromeres
were discovered segregating in perfectly normal people (Amor et al. 2004; Ventura
et al. 2004; Capozzi et al. in press). These three cases can be considered as
repositioned centromeres “in progress.” They are familiarly inherited and have no
phenotypic implications; indeed their discovery was accidental.

5.2 Evolutionary Repositioned Centromeres in Primates

Karyotype evolution has been mainly studied using whole-chromosome painting
probes. This approach has the advantage of mapping translocation differences
between species, but does not usually provide information on intrachromosomal
rearrangements or marker order differences. Recently, the availability of large
cloned DNA collections of BACs and fosmids (see P. de Jong lab at http://bacpac.
chori.org/home.htm; see also paragraph 9.6, Technical note) made it possible to
study by FISH marker order changes during evolution in chromosomes of differ-
ent species (molecular cytogenetic approach). The precise mapping of thousands
of clones is graphically displayed in genome browsers (see the track “BAC End
Pairs” or “Fosmid End Pairs” in UCSC, for instance). Two or more BAC clones
can be simultaneously hybridized and their reciprocal order can be unequivocally
defined. This cytogenetic approach to synteny definition complements other
approaches that have been exploited to define genome organization: radiation
hybrid mapping, linkage analysis, and sequencing (see Rocchi et al. 2006).
Importantly, the molecular cytogenetic approach is sequence independent, and it
can substantially aid sequence assembly, because the pure shot-gun approach,
used for most genomes, is error prone (Green 1997; Roberto et al. 2008). For a
fine synteny definition of complex genomes using the molecular cytogenetics
technology, see Roberto et al. (2007) and Misceo et al. (2008) and the corre-
sponding Web pages http://www.biologia.uniba.it/lar/ and http://www.biologia.
uniba.it/gibbon/, respectively, provided as Supplemental Material to these
publications.
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Synteny arrangement comparisons allowed Montefalcone et al. (1999), as
mentioned earlier, to disclose that some centromeres shifted along the chromosome
during evolution. Studies over the last decade have amply demonstrated that cen-
tromere shifts in evolution are not rare and must be considered on a par with other
chromosome rearrangements such as translocations, inversion, duplications, and
deletions. Ventura et al. (2007), comparing human and macaque, clarified how very
frequent ENC are in primate evolution. In total, between macaque and humans
there are 14 ENC; nine ENCs occurred in macaque lineage and five occurred in the
human lineage. The last common ancestor of macaques and humans is estimated at
about 25 million years ago (mya). So ENC in this case formed about once every
three million years. Perhaps surprisingly, by comparison in the same arch of time,
there are only four translocation differences (about one translocation every 12 mil-
lion years). We might conclude from this example that ENC are four times more
frequent than cytogenetically visible translocations and represent a significant facet
of mammalian chromosomal evolution. ENCs were reported in the evolution of
chromosome 3 (Ventura et al. 2004), chromosome 6 (Eder et al. 2003), chromosome
10 (Carbone et al. 2002), chromosome 11 (Cardone et al. 2007), chromosome 13
(Cardone et al. 2006), chromosome 14 and 15 (Ventura et al. 2003), chromosome
20 (Misceo et al. 2005), and chromosome X (Ventura et al. 2001). Figure 5.1
graphically reports, on the left of each chromosome, all the published ENCs.
Supplement Table 5.1 (see at the end of this chapter) reports details of neocentro-
meres and ENCs literature data. It is interesting to note that the centromere is apparently
a very rapidly evolving segment of the genome. Further, because centromeres and
associated pericentric regions are dynamically complex, centromere shifts may
turbocharge genome reorganization by influencing the distribution of heterochromatin
(Ishii et al. 2008).

5.3 Hotspots of Neocentromere Formation

A clearly recognizable trend from the human clinical cytogenetic data is the
clustering of neocentromere formation sites at chromosomal “hotspots.” Certain
regions of chromosomes — for example, 3q, 8p, 13q, and 15q telomeric regions
— seem particularly prone to forming neocentromeres (Fig. 5.1). The survival of
individuals with more distal inverted duplications will be favored (as such
individuals possess a smaller region of partial trisomy or tetrasomy); it is therefore
logical that neocentromeres cluster around the distal ends of chromosomes.
It follows that some other regions with neocentromere-forming potentiality
have never been described because of this bias. What becomes fixed in evolution
is, therefore, the end result of mutation and the selectional filter. The neocentro-
mere reported at 9q33.1 is paradigmatic in this respect (Capozzi et al. 2008). The
propositus, in fact, was found to carry an interstitial deletion of chromosome 9,
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Fig. 5.2 Phylogeny of primates. Summary of the phylogenetic relationship among extant primates.
Branching time is according to Raaum et al. (2005) and Opazo et al. (2006). The bars’ length is not
proportional to elapsed time. The figures indicate the branching time in million years

of about 12 Mb (9q31.3-9q33.1). The parents were investigated because of the
deletion in the son. The mother had a small ring chromosome that resulted from
the excision of the 12 Mb from the chromosome 9. A neocentromere at 9q33.1
had stabilized the ring chromosome. The son had inherited the deleted chromo-
some but not the ring. This neocentromere would have been never detected if
malsegregation had not occurred. No such neocentromere was detected in super-
numerary chromosomes.

Studies on the evolution of the chromosomes where clustering of neocentromeres
were reported (3q, 13q, and 15q) put these regions in a completely new light. These
chromosomes were investigated in detail, and each of these clusters disclosed distinct,
intriguing aspects of the relationship between human clinical neocentromeres and
ENC:s. For this reason they will be described in detail later.

The full appreciation of these data presupposes a basic knowledge of primate
phylogeny, which is summarized in Fig. 5.2. It is also important that the reader is
acquainted with the concept of the “outgroup” in phylogenetic studies. A brief
description is reported in the Sect. 5.6.
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Fig. 5.3 Evolution of human chromosomes 15 and 14. The figure delineates the evolutionary history
of chromosomes 15 and 14 in OWMs and Hominoidea. BAC clones used in the synteny investigation
are represented by letters on the right of the chromosomes. The letter-BAC correspondence is
reported in Supplement Table 5.1. Chromosomes 15 and 14 in Hominoidea were generated by
fission of an ancestral chromosome, which appears to be composed of these two chromosomes
arranged head-tail. ENC in a red circle indicates the emergence of an evolutionary new centromere.
The green arrow points to the inactivated centromere. For details see text

5.3.1 Evolution of Chromosome 15

Human chromosomes 15 and 14 derive from the fission of an ancestral chromo-
some in the Hominoidea ancestor. Comparison with outgroup species confirms that
the fission is the derivative rearrangment. Figure 5.3 reports the study of the evolution
of these chromosomes through the use of BAC clones that showed that the marker
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Fig. 5.4 Segmental duplication analysis of chromosome 15. The figure illustrates the interchro-
mosomal (red lines) and intrachromosomal (blue lines) segmental duplications of chromosome 15
(Courtesy of Dr. E.E. Eichler; from Bailey et al. 2002)

order was perfectly conserved between macaque chromosome 7 (Macaca mulatta,
MMU) and the two human chromosomes. To derive the two independent human
chromosomes, 14 and 15, you only need to fission between markers F and G
(Ventura et al. 2003) (Fig. 5.3). One novel centromere emerged in human chromo-
some 15, corresponding to the telomeric region of the short arm of MMU?7 (Fig. 5.3).
A second centromere emerged on chromosome 14 and corresponded to the fission
point of MMUY7. The ancestral centromere, precisely mapped by the apparent split
of marker E (chr15:82,835,478-83,006,963, UCSC, March 2006 release), got
inactivated.

Segmental duplications (SDs) are biased against pericentromeric regions (She
et al. 2004). The graphic representation of the distribution of SDs of chromo-
some 15 shows a clear clustering of SDs at 15q24-26 (Fig. 5.4). In light of the
evolutionary analysis of chromosome 15 we have reported, they represent the
remains of the pericentromeric SDs that flanked the ancestral centromere. No
alphoid sequences are present in this domain, suggesting that the loss of this
satellite DNA, typical of primate centromeres, was relatively rapid. The most
interesting observation, however, is that human clinical neocentromeres cluster-
ing at 15q24-26 perfectly overlap the distribution of SDs. Apparently, the region
has preserved features that trigger neocentromere emergence. This potentiality
has been conserved for approximately 25 MY, the time of divergence between
Hominoidea from Cercopithecoidea (Old World Monkeys, OWM) (Raaum et al.
2005).

Main conclusions are as follows: (i) neocentromeres can emerge in domains
corresponding to ancestral inactivated centromeres; (ii) neocentromeres are scat-
tered over a fairly relatively large area (15q24-26), overlapping the dispersion of
SDs; (iii) apparently, centromere forming latency is not linked to a specific
sequence.
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Fig. 5.5 Evolution of chromosome 3. Delineation of the chromosomal changes of chromosome
3 during primate evolution, modified from Ventura et al. (2004). BAC clones used in the synteny
investigation are represented by letters on the right of the chromosomes. The letter-BAC corres-
pondence is reported in Supplement

5.3.2 Evolution of Chromosome 3

The evolutionary history of chromosome 3 is relatively complex in comparison to
that of 15/14 (Ventura et al. 2004). Figure 5.5 shows how the human chromosome
3 can be derived from the primate ancestor by fission of the 21 synteny and several
inversions. Marker order comparison among selected primate species revealed that
the centromeres in both Hominoidea and OWM are ENCs. The paucity of SDs
around this ENC (She et al. 2004) could be interpreted as the consequence of its
recent origin. We had the opportunity to study one case of a neocentromere that
resulted from the excision of a small region, including the centromere, to form a
small autonomous chromosome (Wandall et al. 1998). The neocentromere appeared
located in a domain almost overlapping with the ENC described in macaque
(Ventura et al. 2004).

Main conclusion: the same chromosomal domain was used as a seeding point for
an ENC and for a human clinical neocentromere.
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5.3.3 Evolution of Chromosome 13

Contrary to chromosome 3, chromosome 13 can be regarded as one of the most
evolutionary conserved chromosomes. The human form very likely corresponds to
that of the primate ancestor, which in turn differs from the mammalian ancestor
form just for a small inversion (Cardone et al. 2006). The same syntenic arrangement
of the mammalian ancestor was found in chicken (Consortium 2004) that diverged
from mammals about 310 mya. In OWMs, a novel centromere emerged in a region
in the middle of the long arm (13g21). Interestingly, a similarly located, independent
ENC emergence was detected in pigs. Additionally, some human neocentromeres
reported on chromosome 13 mapped close to the same chromosomal domain.
These findings resemble the results reported for chromosome 3. The study, however,
exposed some important additional aspects of the centromere repositioning phe-
nomenon: (i) this region maintained centromere forming potential for a very long
time of about 95 my, that is, the divergence time of Cetartiodactyla and Primates;
(i) human probes mapping in the seeding region had a very variable results on
different OWM species (MMU, Papio hamadryas, Trachypithecus cristatus, and
Chlorocebus aethiops), indicating that the region is extremely plastic; (iii) the ENC
was seeded in a very large gene-desert region (4.88 Mb) (Lomiento et al. 2008).
This last feature will be discussed in detail later.

5.3.4 Neocentromere Clustering at 8p

Contrary to chromosomes 15, 3, and 13, the evolutionary history of chromosome
8 did not reveal any feature that could be of help in interpreting the clustering of
clinical neocentromeres at 8p (personal unpublished data). Recent studies pub-
lished by Dr. Zuffardi’s group on cytogenetic anomalies of 8p can be helpful to
interpret this clustering. They found that parents of patients carrying de novo 8p
chromosomal rearrangement, usually the mother, were heterozygous for an 8p23.1
inversion, delimited by two large clusters of olfactory receptor genes (Giglio et al.
2001). The noncanonical meiotic pairing, consisting in the refolding of one chro-
mosome onto itself, favors the formation of derivative 8p chromosomes, including
inv dup(8p) (see Fig. 5.4 of Giglio et al. 2001). The inversion is relatively com-
mon: 26% of the studied population appears heterozygous for the inversion and
the neocentromere reports in literature are all acentric inv dup(8p) rescued by a
neocentromere which insured their mitotic survival. Main conclusion: the reason
for the clustering of neocentromeres in 8p is probably the result of the relatively
high frequency of noncanonical pairing in individuals heterozygous for the 8p
inversion.

An alternative hypothesis, discussed below, is that the potential restructuring of
chromatin at the break that generated the inv dup(8) could be a concurrent epige-
netic cause of neocentromere emergence.
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5.3.5 Reuse of Sites of “Chromosomal Events” in Evolution

It is well known that the mouse genome accumulated a large number of chromo-
somal rearrangements during evolution (Waterston et al. 2002). Subsequent inde-
pendent bioinformatic studies have shown, in humans, an extensive “reuse” of
breakpoints (Pevzner and Tesler 2003; Murphy et al. 2005), and, additionally, an
enrichment of segmental duplications in regions of synteny breaks between the
human and mouse genomes (Armengol et al. 2003; Bailey et al. 2004). The SD in
humans, however, occurred in the lineage leading to humans long after rodent/
primates divergence. The conclusion was that the analysis “supports a nonrandom
model of chromosomal evolution that implicates specific regions within the mamma-
lian genome as having been predisposed to both recurrent small-scale duplication
and large scale evolutionary rearrangements.” The “reuse” of regions as centromere
seeding-points in evolution and in human clinical cases further extends the concept
of “reuse” of specific domains for “chromosomal events.”

5.4 Human Repositioned Centromeres “in Progress’

A crossover inside the region encompassed by the normal and the repositioned
centromere results in the formation of dicentric or acentric fragments. In con-
trast with the expectation that heterozygous carriers of neocentromeres have
diminished fitness, the number of repositioned centromeres is relatively high
and many repositioned centromeres have been fixed in different species. Meiotic
drive in females, as reported for Robertsonian fusions in humans, in favor of the
repositioned chromosome might be a possible explanation (Pardo-Manuel de
Villena and Sapienza 2001). Meiotic drive has also been invoked to account for
the progressive acquisition of heterochromatin in the neocentromeric regions
(Henikoff et al. 2001). The progression towards normal centromere complexity,
composed of large satellite DNA arrays, is presumed to stabilize neocentromere
function. Most clinical neocentromeres are relatively unstable, as suggested by
the fact that they are often found as mosaics. Population structure and genetic
drift can also be hypothesized to have played an important role in neocentromere
fixation.

It can be reasonably supposed, furthermore, that repositioned centromeres that
reach fixation are only a minority of those that have emerged in the population.
Repositioned centromeres have no clinical consequences. They therefore escape, in
humans, the clinical filter that intercepts most of the neocentromeres present as
supernumerary chromosomes. Prenatal cytogenetic analyses are most often performed
without parental clinical indication. Further, centromere repositioning events can
easily be misinterpreted as pericentric inversions. In non-human species, no cytogenetic
population data are available, but the number of neocentromere that become fixed
ENC is surely a minority. As a consequence, the number of centromere repositioning
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events in both clinical and evolutionary cytogenetics must be much higher than that
noted in the literature.

Examples of balanced centromere repositioning events with no obvious pheno-
typic effect do exist. The first instances were reported on the Y chromosome
(Bukvic et al. 1996; Rivera et al. 1996; Tyler-Smith et al. 1999). The large block of
heterochromatin present in this chromosome, however, hampered a full characteri-
zation of these repositioned centromeres, in which the satellite DNA could have
played a nonminor role. More recently, three autosomal examples of repositioned
centromeres have been reported at 3q24 (Ventura et al. 2004), 4g21.3 (Amor et al.
2004), and 6p22.1 (Capozzi et al. in press). They were serendipitously found (two
because of a prenatal diagnosis). We will focus on the last case because it showed
unprecedented features.

5.4.1 Repositioned Centromere at 6p22.1

The variant chromosome was discovered during a prenatal diagnosis Capozzi et
al. (in press). Molecular cytogenetic analysis showed that the centromere was
located in the middle of the short arm, at 6p22.1, without marker order changes.
The analysis was extended to the family. The repositioned centromere was found
in six individual in three generations. The segregation in three generation and the
absence of any phenotypic problem suggested that the repositioned centromere
was perfectly functional. In some metaphases, however, extra copies of chromo-
some 6 indicated that the functionality was not identical to a normal centromere.
The precise position of the neocentromere was investigated using ChIP-on-chip
analysis that indicated that it was located at chr6:26,407-26,491 kb. The evolu-
tionary history of chromosome 6 had been already delineated by Eder et al.
(2003), but the position of the centromere in the ancestor of primates could not
be defined with certainty. New data accumulated in the literature allowed us to
establish that the ancestral form of chromosome 6 in primates had the same
marker order as in humans, but the centromere was located at 6p22.1. This cen-
tromere repositioned to the present-day location in the Hominoidea ancestor
before gibbon branching, that is at least 17 mya (Raaum et al. 2005). The reposi-
tioned centromere was found about 2 Mb apart from the ancestral centromere. In
our family case, therefore, it appears as if the centromere jumped back to the
ancestral position, where it was located about 17 mya.

5.5 Evolutionary Fate of Novel Centromeres

The organization of a “mature” centromere is complex. In primates, the central core
is composed of a large array of alpha satellite DNA, usually surrounded by a cluster
of SDs. Occasionally, other types of satellite DNA flank the alphoid core.
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Similarities with human clinical neocentromeres and human “repositioned” centro-
meres (see above) strongly suggest that the seeding event is epigenetic in nature,
not accompanied by any sequence changes. In macaque, nine of 22 chromosomes
are ENCs (Ventura et al. 2007). This subset of centromeres, however, is indistin-
guishable from the “normal” ones: all autosomal macaque centromeres possess a
large block of alphoid DNA (Ventura et al. 2007). The same applies to the humans
ENCs (Ventura et al. 2007). It appears as if the progression of these centromeres,
from a “plain” sequence, obligatory ends in the acquisition of complexity. To better
understand this process, it is worth noting that, as already mentioned, many human
clinical neocentromeres and repositioned centromeres have been found to be
mitotically unstable, with mosaicism, especially in supernumerary chromosomes
(Marshall et al. 2008). Altogether, these observations suggest that rapid progression
stabilizes the functionality of the centromere.

Data on pericentromeric SDs of repositioned centromeres are contrasting.
Human centromeres of chromosome 3, 6, 11, 14, 15, and 21 are evolutionary new.
While acrocentric chromosomes 14, 15, and 21 show large clusters of pericentro-
meric SDs, the centromere of chromosome 3 and 6 are relatively poor in SDs. Data
on non-human primates are scarce, specifically because the shot-gun sequence
approach is inefficient to spot SDs, especially if they are duplicated in tandem
(Eichler 2001). Their characterization requires meticulous assembly efforts because
of the homology, occasionally very high, of SDs. Using a combination of BAC
library screening, FISH experiments, and STS sequencing, we were able to charac-
terize the pericentromeric region of macaque ENC of chromosome 6. It appeared
as if a 250-kb segment was imperfectly duplicated seven times around the macaque
centromere (Ventura et al. 2007). Several deletions were supposed to have occurred
during the process, because STSs failed several time to amplify the DNA of some
macaque BACs.

Studies on the expression of genes embedded in human neocentromeres have
shown that they are not affected by their unusual position (Wong and Choo
2001; Saffery et al. 2003; Capozzi et al., in press). However, the deep restruc-
turing that accompanies neocentromere progression, as deduced from the
results on MMUG6 ENC, can be supposed to physically disrupt the sequence
integrity of these genes and that a purifying selection would negatively affect
the fixation in the population of these ENC. We tested this hypothesis by check-
ing the gene density in the regions where ENC were seeded (Lomiento et al.
2008). The regions of ENCs seeding were significantly depleted of genes. It can
be concluded that this circumstance had played a crucial role in their fixation
in the population.

Further, we examined the occurrence of SDs around the ENCs present in
humans and OWM. SDs in human have been characterized in great detail (She
et al. 2004), but the macaque assembly is relatively poor in this respect. Using
appropriate macaque BAC clones, we investigated SDs located pericentromerically
to macaque ENCs. We found that all the examined regions have a certain level of
SDs, but, as in humans, the amount varied considerably. The differences could not
be attributed, in macaque, to the tempo of their seeding. All of them have been
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seeded in the common ancestor of OWM, between 16 and 25 mya (Raaum et al.
2005). It could be hypothesized that the amount of SDs proceeds as a cascade
process. In this case, pericentromeric regions with a higher amount of SDs
should contain older SDs. To test this hypothesis would require, however, a substantial
effort in sequencing these complex regions.

An additional interesting point of discussion is provided by the unusual findings
reported on the pericentromeric region of macaque chromosome 13 (Cardone et al.
2006). The comparison of the different duplication pattern in three OWM species
(Macaca mulatta, MMU, Cercopithecinae), sacred baboon (Papio hamadryas,
PHA, Cercopithecinae), and silvered-leaf monkey (Trachypithecus cristatus, TCR,
Colobinae) showed an unprecedented plasticity. The involved region spans about
3.7 Mb (from marker H2 to marker H8 in Fig. 5.2b of Cardone et al. (2006)).
Importantly, this ENC was seeded in a vast gene desert as reported by Lomiento
et al. (2008), and appears to involve almost the entire gene-desert, that is about 4.88
Mb. It could be hypothesized that the size of the gene desert defines the degree of
plasticity of the pericentromeric region.

5.5.1 Telomeres, Centromeres, and Breakpoint Regions

Evolutionary studies of karyotypes have shown that chromosomes frequently
result from the fission of ancestral chromosomes. In humans, chromosomes 15
and 14 and chromosome 21 among others were generated in this way (see
above). In such instances at least one new centromere emerged at one telomere
or at the breakpoint of the fission. One hypothesis on the origin of centromeres
in eukaryotes is that they derived from telomeres. According to this hypothesis,
telomeres existed before centromeres and that the recurrent appearance of unsta-
ble dicentric chromosomes through the formation of new centromeres (from
telomeres) may have had a role in the origin of multiple chromosomes (Villasante
et al. 2007). The evolution of chromosome 3 in NWM shows several examples
of the centromere-telomere functional interchange that may be a remnant of the
evolutionary origin of centromeres. The studied species were wooly monkey
(Lagothrix lagothricha, LLLA), common marmoset (Callithrix jacchus, CJA),
dusky titi (moloch, CMO). The three segments of chromosome 3 in these NWM
species had a similar marker content and orientation, but the centromere position
was puzzling (Fig. 5.5b). The orthologous chromosomes LLA20 and CMO16
had the centromere telomerically located, close to marker I, while CJA1S5 cen-
tromere mapped at the opposite telomere, close to marker O. Similarly, the
centromeres of CJA17 and LLLA22 were located at one telomere, close to marker
N, while in CMO the centromere was located at the opposite telomere, close to
3P. The three chromosomes were generated by two successive fissions. The first
one occurred at the ancestral centromere, while the second mapped between the
markers O and N. It is worth noting that both ends generated by the second
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fission accommodated a centromere, and that the novel centromere in CJA21
appears to be located at the breakpoint region that, in Hominoidea, generated the
human chromosome 21.

The two human clinical neocentromeres reported by Ventura et al. (2003) are
invdup(15). It was hypothesized that breaks, through chromatin reorganization,
could favor the emergence of neocentromeres. Literature data on breaks that gen-
erated the acentric fragments and neocentromere seeding-points, however, are
relatively approximate. Precise mapping at the sequence level is mandatory to
clarify this question. In the case of a neocentromere that stabilized the ring chro-
mosome excised from chromosome 9, both the neocentromere and the breaks
were precisely mapped (Capozzi et al. 2008; see above). They turned out to be
about 2.1 Mb apart, which is in the range of the neocentromere-ENC correspond-
ence reported so far.

5.5.2 ENCs in Non-Primate Mammals and in Other Taxa

The ENC phenomenon appears widespread in a large number of different taxa.
In addition to primates, clear examples of ENCs are available for cattle (Larkin
et al. 2003; Everts-van der Wind et al. 2005), pig (Cardone et al. 2006), rat
(Kobayashi et al. 2008), birds (Kasai et al. 2003), and rice (Nagaki et al. 2004).
For marsupials, see Chap. 4. One of the most interesting species, in this context, is
the donkey. Comparison of donkey and zebra, using the horse as outgroup, revealed
that at least five ENCs emerged in donkey (Carbone et al. 2006) but, because
we were able to analyze only larger chromosomes for which marker order could be
unequivocally established, there may be additional ENCs. These data are impressive
if one considers that donkey and zebra diverged less than 1 mya (Oakenfull and
Clegg 1998; Oakenfull et al. 2000).

5.5.3 Concluding Remarks

Centromeres, the “black hole” of the genome, even in the sequencing era resist easy
explanation. Yet over the last decade, notable progress has been made especially
using molecular cytogenetics. It has become increasingly clear that neocentromere
formation and ENCs must be considered as important modes of genome evolution.
Perhaps even more remarkable is that the mechanisms in the formation of both
types of centromere are intimately related. The “reuse” of regions as centromere
seeding-points in evolution and in human clinical cases further extends the concept
of “reuse” of specific domains for “chromosomal events.” Centromere-forming
domains often correspond to ancestral inactivated centromeres and some regions
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can preserve features that trigger neocentromere emergence over tens of millions of
years of evolutionary time. In 2009, we will celebrate the 200th birthday of Charles
Darwin and 150 years since the publication of his monumentus book “On the
Origin of Species.” We now can appreciate that centromeres have an origin, live,
and go extinct. Many of the findings we have described in this chapter clearly show
how evolutionary perspectives can provide compelling underlying explicative
grounds for contemporary genomic phenomena.

5.6 Technical Note

5.6.1 “Outgroup” Concept

When two species display a difference (in our case a chromosomal difference), it is
important to know which of the two forms is ancestral and which is derivative to
resolve the polarity of the difference. The solution is to introduce into the analysis
of one or multiple closely related species chosen from those that diverged from the
common ancestor before the two species under study. More technically, an out-
group species is defined as species or group of species closely related to but not
included within the taxon.

5.6.2 Synteny Studies Exploiting BAC or Fosmid
Clones in FISH Experiments

The conspicuous number of mapped human clones, as can be graphically seen in
genome browsers (see the track “BAC End Pairs” in UCSC, for instance), is a
side effect of the hierarchical approach utilized to sequence the human genome.
As a first step toward sequencing, a very large number of BAC clones were
ordered in contigs by characterizing their STS content, by fingerprinting, and by
BAC end sequencing (BES). Then, a minimal number of overlapping BACs (or,
occasionally, cosmid clones) were fully sequenced. This subset of clones consti-
tuted the “golden path.”

Following the completion of the human genome sequencing, all non-sequenced
BACs were precisely placed on the sequence itself by BLASTing their BES against
the human genome. This was possible only for the subset of BAC clones whose
ends were both single copy. The complete set of BES data is present in the “Trace
archive” database at the NCBI (http://www.ncbi.nlm.nih.gov/Traces/). Note that the
fully sequenced BACs of the “golden path” are not present in the “BAC end pairs”
track, but present in the “Clone coverage” and “Assembly from Fragments” tracks
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(UCSC) according to their accession number. It is anyway possible to discover the
name of the clone that contributed that sequence by querying the accession number
at NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=nucleotide).
Recently, the ends of several fosmid libraries (~40 kb insert) were sequenced as part
of a copy number variation research projects (Kidd et al. 2008; Tuzun et al. 2005).
The fosmids of the first library are present in the track “Fosmid End Pairs” of
UCSC. Many of these resources are available from the P. de Jong Laboratory
(http://bacpac.chori.org/).

Human BAC clones can be successfully FISHed on apes and Old World monkeys.
The success rate decreases in New World monkeys. A rule of thumb for sequence
homology comparison among species says that it approximately diminishes by 1%
every 5 million years of divergence. Hybridization efficiency can be improved by
decreasing the hybridization stringency conditions and increasing the hybridization
time. Additionally, pools of 2—4 overlapping BACs can be hybridized together, and
gene-rich BACs should be preferred, because gene domains can be supposed to
be more conserved. At the present, with several mammal genomes sequenced, the
evolutionary conservation of a region can be easily checked by visually inspecting
the “Conservation” track at UCSC browser.

The genome sequencing of non-human species was usually achieved using a
pure shotgun method, which is less time- and money-consuming, but has a higher
risk of mis-assembly as compared to the hierarchical approach (Green 1997). The
BES pairs of a specific BAC library are usually utilized to improve the shot-gun
assembly. As a consequence, a species-specific BAC library is usually available
for a sequenced genome. These BACs can be very helpful. Appropriate BAC
clones can be identified by their BES, present in the “Trace archive” at the NCBI
(see above).
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Structure and Evolution of Plant Centromeres
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Abstract Investigations of centromeric DNA and proteins and centromere structures
in plants have lagged behind those conducted with yeasts and animals; however,
many attractive results have been obtained from plants during this decade. In par-
ticular, intensive investigations have been conducted in Arabidopsis and Gramineae
species. We will review our understanding of centromeric components, centromere
structures, and the evolution of these attributes of centromeres among plants using
data mainly from Arabidopsis and Gramineae species.

6.1 Introduction

The centromere is a functional chromosomal site that helps to divide sister chromatids
equally into daughter cells in mitotic and meiotic cell divisions. Important functions
include cohesion and separation of sister chromatids, attachment of spindle fibers,
chromosomal segregation, and the control of cell-cycle checkpoints. The centro-
mere is integral for the control of these functions. Usually, one centromere is
formed on a chromosome at a primary constriction site. At metaphase, spindle fibers
attach and pull sister chromatids towards different poles to divide the chromatids
into daughter cells. A complex of centromeric DNA and proteins is formed at the
primary constriction, and this complex is called a kinetochore. In the following
chapters, we will review centromeric components, centromere structures, and the
evolution of these attributes among plants.

6.2 Centromeric DNA

6.2.1 General Remarks

Although centromeres have a highly conserved role of transmitting chromosomes
to subsequent generations, among eukaryotes, centromere DNA is highly variable
among species. For example, only a 125-bp DNA sequence is necessary for centro-
mere function in budding yeast, Saccharomyces cerevisiae (Cottarel et al. 1989).
A single centromere-specific nucleosome is formed at the 125-bp DNA sequence
(Furuyama and Biggins 2007), and the nucleosome recruits other centromeric proteins
to construct a kinetochore (Amor et al. 2004). In contrast to budding yeast, higher-
level eukaryotes have more complex centromeric DNA. For example, the fission
yeast Schizosaccharomyces pombe possesses a 30-kb centromeric DNA sequence
that forms centromeric nucleosomes (Choo 1997). Yet, the centromeric DNA of
budding yeast has no sequence similarity with the centromeric DNA of the fission
yeast. The centromeric DNA of multicellular eukaryotes is even more complex than
that of yeast. The centromeres of multicellular eukaryotes usually consist of tandem
repetitive DNA sequences, and the size of the centromere can be of several mega
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bases in length. These repeat arrays in humans are called alpha (o) satellites and
are composed of a basal 171-bp repeat arranged in tandem arrays that range in size
from 250 kb to 4 Mb, with each centromere harboring different amounts (Wevrick
and Willard 1989). As with human centromeres and those of other mammals, plant
centromeres also have mega-base sized arrays of tandem repetitive DNA sequences.
Additionally, transposable elements are also abundant in centromeric and paracen-
tromeric regions. Reported sequences in plant centromeres are listed in Table 6.1.

6.2.2 Arabidopsis

A clone containing a 180-bp repeat family, pAL1, was cloned from Arabidopsis
thaliana (Martinez-Zapater et al. 1986) and its chromosomal localization was
checked using fluorescence in situ hybridization, FISH (Maluszynsak and Heslop-
Harrison 1991; Murata et al. 1994). The FISH signals were observed on centromeric
regions of all five A. thaliana chromosomes. Although other centromere-specific
and nonspecific repetitive sequences including Athila were also found on centro-
meric regions in A. thaliana (The Arabidopsis genome initiative 2000), only 180-bp
family sequences were co-precipitated using chromatin immunoprecipitation
(ChIP) with anti-HTR12 (a centromere-specific histone H3 in A. thaliana,
described in Sect. 6.3.2) antibody (Nagaki et al. 2003). In a close relative of
A. thaliana, A. arenosa, a tandem repetitive DNA family of ca. 170-bp repetitive
units, pAa, was isolated and subsequent analyses showed that the sequence is
located on all 32 centromeres of the species (Kamm et al. 1995). The pAa
sequences share 50-80% sequence similarity with pAL1 sequences. The sequence
was also observed on 16 of the 26 chromosomes of A. suecica, while the 180-bp
family sequence is observed on the rest of the chromosomes (10 of the 26
chromosomes). This implies A. suecica is a hybrid species of A. thaliana and
A. arenosa, and both of the two different centromeric DNA sequences are retained
in the hybrid species. Additionally, A. pumila and A. griffithiana also have a species-
specific subfamily of a 180-bp family sequence (Heslop-Harrison et al. 2003). The
existence of these species-specific subfamilies of 180-bp family sequences sug-
gests that ancestral 180-bp family sequences have diverged in descendant species,
and these sequences are an established centromeric-DNA component of all of the
Arabidopsis species. Although most diploid species only retain a single centro-
meric tandem repeat, exceptional examples were found in A. halleri and A. lyrata
(Kawabe and Nasuda 2005). These species are closely related to A. arenosa and
possess pAa sequences. However, in addition to pAa sequences, these species also
have two species-specific 180-bp repeat subfamilies, pAgel and pAge2. Four of
the eight A. halleri centromeres possess pAa, one of the eight possesses pAgel,
two of the eight have pAge2, and the remaining centromere possesses pAs and
pAgel. Since repetitive DNA is thought to adapt to its associated centromeric
proteins and therefore is selected for by the proteins from a repetitive DNA
sequences pool (Dawe and Henikoff 20006), its possible that these particular
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species might be in the middle of the selection process. On the other hand, that
these species possess two HTR12 genes suggests that these HTR12 proteins may
be driving the selection independently (Kawabe et al. 2006).

6.2.3 Graminaceae

The centromeres of several species within the family Graminaceae represent the
largest group of closely related plant species in which the DNA composition of
centromeres has been extensively studied (Table 6.1). Despite the reported high
degree of colinearity among most grass genomes (Gale and Devos 1998), the
sequences of their centromeres are, surprisingly, quite variable in terms of centro-
mere size, repeat abundance, and arrangement of repeats. More recent studies have
provided evidence that allow these repeats to be arranged into two groups: centro-
meric satellites and centromere-specific retrotransposons (CRs) (Cheng et al. 2002;
Zhong et al. 2002; Nagaki et al. 2005b).

Centromeric satellites within the family Graminaceae have been reported for
several species, including rice (CentO), maize (CentC), sugarcane (SCEN), sor-
ghum (pSau3A10), and barley (GC-rich microsatellite) (see Table 6.1). Among the
cereals, CentO and CentC have the most extensively studied satellite repeats. In
cultivated rice (Oryza sativa cv. Nipponbare), CentO monomers are 155 bp in
length, located on each of the twelve chromosomes, and range in total array size
from 65 kb to 2 Mb (Cheng et al. 2002). The abundance of CentO in rice varies
even between the two subspecies, with reports of japonica varieties containing five
times less CentO than the homologous centromere region in the indica variety
(Cheng et al. 2002). When compared to each other, the sequences of CentO and
CentC display relatively short domains of similarity (Cheng et al. 2002). However,
despite this observation, most satellite repeats show surprisingly little homology
across species and are therefore generally considered species specific (Henikoff
et al. 2001). Furthermore, a wild species of rice (O. brachyantha) that diverged
from cultivated rice less than ten million years ago (Ge et al. 1999) has completely
lost CentO and replaced it with a novel satellite array that shows no sequence
homology to repeats in other species within the genus Oryza (Lee et al. 2005).
These findings suggest that this dominant and highly represented component of
cereal centromeres can undergo rapid evolutionary changes and is extraordinarily
dynamic at the sequence level.

The centromeres of Graminaceae species contain a distinct centromere-specific
retrotransposon family (CR family). Sequences related to the CR elements were first
reported in Brachypodium (CCS1) and sorghum (pSau3A9) and have been found in
all grasses interrogated for such sequences, including rice (CRR), maize (CRM),
wheat (CRW), barley (cereba), and sugarcane (CRS) (see Table 6.1). Most CRs
belong to the 7y3-gypsy family of retrotransposons, with their protein-coding
domains flanked by long terminal repeats (LTRs) on each side. The myriad of intact
and solo LTR retrotransposons in centromere regions, and the lack of orthology
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among anchored LTRs in related species, suggest that CRs are a dynamic component
of the centromere and are continually being reorganized (Ma and Jackson 2006).

Like the satellite repeats, FISH and co-immunoprecipitation experiments have
confirmed that CRs are bona fide constituents of functional centromeres. CRs typi-
cally have a larger distribution across the centromere than the satellite array and are
also found in the pericentromeric region (Nagaki et al. 2005b). Although tandem
arrays of CRs have been reported, their arrangements within the centromere appears
more sporadic than the satellites and they are often found inserted internally within
the larger satellite arrays and even nested within themselves (Cheng et al. 2002; Jin
et al. 2004). The degree of CR intermingling with satellites is variable. For example,
FISH on extended DNA fibers (fiber FISH) analysis using CRM and CentC in
maize has been used to measure tracks of centromere-specific satellites of over 2 Mb
in length in which CRM is extensively intermingled throughout the array (Jin et al.
2004). In rice, however, similar approaches have led to the conclusion that CRR
intermingling over the length of CentO is more irregular and often interrupted, with
stretches of CentO up to 400 kb in length that are devoid of any CRR (Cheng et al.
2002). In wheat, the centromere region contains arrays of repetitive DNA arranged
in intervals of up to 55 kb (Fukui et al. 2001) that all seem to have evolved directly
from CRW elements, suggesting that the maintenance and growth of the arrays
result from the amplification and reshuffling of the basal retroelement (Liu et al.
2008).

6.3 Centromeric Proteins

6.3.1 General Remarks

Despite the exceptional degree of variability of centromeric DNA among species,
many centromeric proteins are highly conserved (Amor et al. 2004). Centromeric
proteins have been intensively investigated in both yeast and mammals and these
studies have resulted in the characterization of several centromere-specific proteins.
In the fission yeast, centromeric proteins were first identified from mini chromo-
some instability (Mis) mutants (Takahashi et al. 1994). In humans, the centromeric
proteins CENP-A, -B, and —C were first identified as antigens from autoimmune
disease patients (CREST) (Earnshaw and Rothfield 1985). Recently, immunopre-
cipitated human kinetochore complexes were investigated using MS spectroscopic
analysis, which found more than 40 centromeric proteins that were included in the
complexes (Obuse et al. 2004; Okada et al. 2006).

At the beginning of plant centromeric protein investigations, the antisera of
CREST patients were tested to determine whether they could cross-react with plant
centromeric proteins. Results indicated that a few of the sera recognized centro-
meric regions of plants, implying that at least a portion of the centromeric proteins
is shared among plants and animals (Mole-Bajer et al. 1990; Houben et al. 1995).
In plants, the first centromeric protein that was confirmed to be localized to the
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centromere region was CENP-C homologs in maize (Dawe et al. 1999). Subsequent
investigations of plant centromeric proteins have led to the identification of
CENP-A and Mis12 homologs from A. thaliana (Talbert et al. 2002; Sato et al.
2005), and homologs of these proteins were subsequently identified from other
plants (Ogura et al. 2004; Zhong et al. 2002; Nagaki et al. 2004, 2005a; Nagaki and
Murata 2005). Other plant centromeric proteins have also been reported, and these
plant centromeric proteins are listed in Table 6.2.

6.3.2 CENH3

The centromere can be described at the molecular level by the replacement of
canonical histone H3 with a specialized centromere histone H3 variant, CENH3.
The first CENH3 discovered was CENP-A of humans (Palmer et al. 1987, 1991), and
since its discovery CENH3 genes have been found in all eukaryotes researched,
including yeast (Cse4) (Meluh et al. 1998), Drosophila melanogaster (CID) (Henikoff
et al. 2000), A. thaliana (HTR12) (Talbert et al. 2002), and rice (CENH3) (Nagaki et al.
2004). The CENH3 protein, like canonical histone H3, has two domains: a N-terminal
tail domain and a histone fold domain (HFD). Sequence homology in the HFD is seen
between CENH3 and H3 both within and between species. CENH3 can be distin-
guished from the more abundant histone H3 by its N-terminal tail domain, which is
not similar in its DNA sequence or base-pair length to the H3 histone both within or
between species (Malik and Henikoff 2001).

CENH3 replaces H3 on active centromeric DNA interacting with other histone
proteins and is necessary for the proper formation of the kinetochore (Choo 2001;
Henikoff et al. 2001). The use of FISH and ChIP has led to the discovery that
CENH3 binds to the centromere repeats CentO/CRR and CentC/CRM of rice and
maize, respectively. Furthermore, CENH3 does not associate with all of the CentO/
CRR or CentC/CRM repeats (Jin et al. 2004; Nagaki et al. 2004). For instance, the
centromeres of numerous species, including rice, do not contain a continuous string
of CENH3 nucleosomes, but rather an intermingling of CENH3 with canonical H3
(Blower et al. 2002; Nagaki et al. 2004). This is further explained through models
in which CENH3 nucleosomes are constrained to the outer regions of the chromatid
that interacts with the microtubules, while H3 containing heterochromatic nucleo-
somes are restricted to the inner regions that promote sister chromatid cohesion
(Blower et al. 2002).

The CENH3 proteins found in different species are functionally conserved.
Typically, when a gene is conserved in function, it is also fairly conserved at the
sequence level as well, but this is not seen for CENH3 genes (Malik and Henikoff
2001). In addition, the centromere DNA repeats with which CENH3 interacts are
also highly diverged (see Sect. 6.2). This realization led to the finding that suggests
CENH3 of D. melanogaster (CID) is adaptively evolving (Malik and Henikoff
2001; see Chap. 2 in this book). Adaptive evolution of CENH3 has also been pro-
posed in plants. Talbert et al. (2002) compared the CENH3 gene (HTR12) from
A. thaliana and A. arenosa and found evidence for adaptive evolution in the
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N-terminal tail of the protein. This analysis was extended to include more members
of the Brassicaceae and revealed not only adaptive evolution in the N-terminal tail,
but also adaptive evolution in the more conserved HFD, including the loop 1 region
of the HFD (Cooper and Henikoff 2004). The loop 1 region of CENH3 is important
because it is necessary and sufficient for CENH3 localization to centromeres
(Vermaak et al. 2002). These findings lead to the arms race hypothesis in which
centromere DNA repeats are changing and expanding to increase their segregation
properties, while CENH3 is changing to curb this and keep segregation frequencies
equal to avoid fixing traits (Malik and Henikoff 2001; Talbert et al. 2002; see Chap. 2
in this book).

6.3.3 CENP-C

CENP-C is one of the centromeric proteins isolated as an antigen from CREST
patients. CENP-C exhibits DNA-binding properties and is located at the inner kine-
tochore plate in humans (Saitoh et al. 1992; Yang et al. 1996). Disruptions of
CENP-C homologs have resulted in mitotic delay and abnormality regarding chro-
mosome segregations in vertebrates (Fukagawa and Brown 1997; Kalitsis et al.
1998). Homologs of human CENP-C have been isolated from various eukaryotes,
including yeasts, animals, and plants, and a comparative analysis divided these
homologs into three kingdom-consented subfamilies (Dawe et al. 1999; Ogura et al.
2004; Talbert et al. 2004). The conserved sizes of the subfamilies were ca. 940
amino acids (aa) in animals, ca. 550 aa in yeasts, and ca. 700 aa in plants, and yet
only a 24-aa motif, the CENP-C motif, was conserved among these sequences
(Talbert et al. 2004). Although C-terminal regions of plant CENP-C homologs
including the CENP-C motif are highly conserved, N-terminal regions show limited
sequence similarity among plant CENP-C homologs. Furthermore, two pairs of
exons in the middle region of grass species have been duplicated, deleted, and posi-
tively selected during their evolution (Talbert et al. 2004). In addition to data from
grass species, a comparative analysis between CENP-C of A. thaliana and A. arenosa
uncovered adaptive evolution of the N-terminal regions of CENP-C among plants
(Talbert et al. 2004). Cytological localizations of plant CENP-C homologs were
investigated in maize and A. thaliana by immunostaining using species-specific
anti-CENP-C antibodies, and results showed the continuous existence of the
CENP-C homologs on their centromeres throughout their cell cycles (Dawe et al.
1999; Ogura et al. 2004).

6.3.4 Misl2

Mis12, first isolated from fission yeast, was identified as one of constitutive centro-
meric proteins, and mutants of this protein were shown to induce the unequal
segregation of chromosomes (Goshima et al. 1999). The human homolog (hMis12)
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also exhibited centromeric localization in human cells, and RNA interference of
hMis12 induces chromosome misalignment and missegregation in human cells
(Goshima et al. 2003). Mis12 homologs were also found in two plant species:
A. thaliana and Glycine max (soybean) (Goshima et al. 2003). Additionally, Mis12
homologs were surveyed for other plant species, and three additional homologs
were found in rice, bread-wheat, and grape (Sato et al. 2005). These Misl2
homologs possess similar sizes (259 aa in S. pombe, 205 aa in humans, and 238-249 aa
in plants) and two conserved blocks at the N-terminal regions (Goshima
et al. 2003; Sato et al. 2005). Chromosomal localization of the Arabidopsis
homolog (AtMIS12) showed co-localization with HTR12 on Arabidopsis centro-
meres (Sato et al. 2005). Although the location of AtMIS12 overlapped with that of
HTRI12 in almost all regions, AtMIS12 occupied only a part of the 180-bp repeat
family sequence tracts (Sato et al. 2005).

6.4 Structure of Plant Centromeres

6.4.1 Arabidopsis

The genetic positions of all five Arabidopsis centromeres were determined using a
mutant that produces a nonseparated tetrad of pollen grains, grt/ (Preuss et al.
1994; Copenhaver et al. 1999). In the Arabidopsis genome sequencing project, the
components and structures of the five centromeres were partially uncovered, but
large gaps remain in the middle of all centromeres (The Arabidopsis genome initia-
tive 2000). A total of 5 Mb of partial DNA sequences from the five centromeres
were indentified and analyses using the sequences revealed that the DNA consisted
of various kinds of repetitive DNA sequences including transposons, retrotrans-
posons, microsatellites, and tandem repeats (The Arabidopsis genome initiative
2000). A total of 47 expressed genes were found in the pericentromeric regions.
To uncover sequences in the middle of the centromeres, a physical map was con-
structed using DNA from a hypomethylated strain, ddmi. Genome walking using
BAC libraries followed by sequencing of the tiled BAC clones were used to reveal
the fine structure of this region (Kumekawa et al. 2000, 2001; Hosouchi et al.
2002). In the centromeric region of chromosome 5, 180-bp repeat family sequences
are tandemly repeated at both edges of the central domains, but the orientations of
the repeat tracts are inverted (Kumekawa et al. 2000). Various kinds of transposable
elements were inserted into the flanking regions of the centromeric region of chro-
mosome 5, while the central domain preferentially accumulated the element:
Athila. The sizes of the genetically mapped centromere and the central domain of
chromosome 5 were determined to be 4.7 and 2.9 Mb, respectively (Kumekawa et al.
2000; Hosouchi et al. 2002). Although the centromeric region of chromosome 4
also showed similarities to the insertions patterns of the transposable element
within the centromeric region of chromosome 5, the inverted positioning of the



164 K. Nagaki et al.

180-bp repeat family tracts were not observed in the centromeric region of chromo-
some 4 (Kumekawa et al. 2001). The sizes of the genetically mapped centromere
and the central domain of chromosome 4 were determined to be 5.3 and 2.7 Mb,
respectively (Kumekawa et al. 2001). Additionally, the sizes of the genetically
mapped centromeres of chromosome 1, 2, and 3 were determined as 9, 4, and 4 Mb,
respectively (Hosouchi et al. 2002). Data from ChIP using anti-HTR12 antibody
and immunostaining on extended chromosome indicated that not all of the 180-bp
repeat family sequences in the central domains were co-localized with HTR12
(Nagaki et al. 2003; Shibata and Murata 2004). The data suggest that a part of the
core domain is acting as a functional centromere.

6.4.2 Structure and Evolution of Centromere 8 in Rice

Despite the increasing support of robust genome-wide sequencing data, determin-
ing the molecular structure of centromeres in higher eukaryotes has evaded
researchers. The abundance of satellite repeats in centromeres has largely precluded
any efforts to fully sequence centromeres in higher eukaryotes. In the grasses, data
are slowly emerging that shed light on these enigmatic areas of the genome. Current
reports of centromere structure within the Graminaceae are for the most part
restrained to characterizations of individual sequence components of centromeres
(see Sect. 6.2.3 and Table 6.1). Although these findings provide a foundation for
centromere research and illuminate some key elements, they still leave much to be
determined in terms of revealing the overall structure and dynamics of a functional
centromere. It was recently discovered in cultivated rice that the centromere of
chromosome 8 (Cen8) does not contain the abundance of satellite DNA that is usually
present in most centromeres (Cheng et al. 2002). The paucity of satellites harbored
in this centromere is a key characteristic that allowed this centromere to be fully
sequenced and, as such, has bolstered the use of rice as a leading model for studying
centromere structure and evolution (Nagaki et al. 2004).

At the cytological level, CenS8 resembles the other rice centromeres in terms of
size and position (Cheng et al. 2002). Genetically, this centromere is defined as a
region of little or no detectable recombination (<1 per 186 recombinant events) and
is positioned at approximately 54.0 cM on a linkage map derived from an O. sativa
ssp. japonica/O. sativa ssp. indica cross (Harushima et al. 1998). This recombina-
tion-free zone spans approximately 2.3 Mb of DNA and contains two distinct
centromere-specific sequence elements, CentO satellite DNA and CRR; it also
contains one enveloping domain of chromatin that is enriched with CENH3. These
three components collectively define the centromere region on chromosome 8 in
rice (Nagaki et al. 2004; Wu et al. 2004; Yan et al. 2005).

The CENH3-binding domain of CenS8 is approximately 750 kb as revealed by
the use of ChIP with antibodies against CENH3 (Nagaki et al. 2004). However, the
centromere chromatin in the core domain is not exclusively composed of CENH3
histone, but rather alternating tracts of canonical histones and CENH3 histones.
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It has been suggested that the mingling of canonical histones with centromere his-
tones might provide a basis for the assembly of higher-level structures that effec-
tively limit kinetochore/microtubule binding to only the outside of chromatids
(Sullivan and Karpen 2004; Black and Bassett 2008).

Repetitive DNA has long been known to dominate in the centromeres of eukary-
otes. Cend8 is no exception, with satellite arrays and centromere retrotransposons
collectively accounting for more than 60% of the centromere region analyzed
(Nagaki et al. 2004; Wu et al. 2004). However, the representation of satellite DNA
(CentO) in CenS is low compared with most of the other rice centromeres. Cen8
contains approximately 65 kb of satellite DNA nested within the recombination-
free region, where a few other centromeres of rice such as Cenl and Cenll are
estimated to contain over a mega-base of this array within a similar-sized region
(Cheng et al. 2002). Although CentO arrays are often discontinuous, owed presum-
ably to the invasion/intermingling of retrotransposons, the arrangement of CentO in
CenS8 can be generalized as a single major array of approximately 60 kb within the
CENH3 binding region, with a few smaller arrays residing outside the binding
region. CRRs are the most abundant of the retrotransposon families found in CenS,
accounting for 20 of the 28 elements found in the CENH3 binding region (Nagaki
et al. 2004). CRRs are distributed across a broader range of the centromere than the
satellite repeats, and are found scattered throughout the centromere and even peri-
centromeric regions (Nagaki et al. 2005b).

Although studies of centromere evolution are still in their infancy, they have
provided some accounts of an evolving centromere that include descriptions of
neocentromere formation in humans (Lo et al. 2001a), characterizations of con-
served centromere repeats in grasses (Miller et al. 1998; Presting et al. 1998; Zhong
et al. 2002), and reports of centromere repositioning in primates (Cardone et al.
2006). Mature centromeres generally harbor long tracts of satellite DNA, are heavily
invaded with retrotransposons, and are devoid of both genes and the ability to support
transcription (Schueler et al. 2001). It is therefore surprising to learn that Cen8 not
only contains limited amounts of CentO satellite DNA, but perhaps more strikingly,
active genes as well. Within the 750-kb CENH3 core domain of Cen8, a total of
16 genes were found with detectable transcript levels (Nagaki et al. 2004; Yan et al.
2005). The overall data suggest that rice Cen8 may represent an intermediate or
transitional stage in the development of a mature centromere.

Recent in-depth sequence analyses of both CentO and CRR contained within
cen8 have revealed opposing forces governing the dynamics of centromere devel-
opment. Most notably, the recent and significant amount of segmental duplications of
both satellite and CRRs found in cen8 appears to be driving the expansion of the cen-
tromere (Ma and Bennetzen 2006; Ma and Jackson 2006). What may provide the most
robust and accurate approach for understanding centromere dynamics and evolution
is the comparative genomics of orthologous centromeres across related species.
Preliminary analyses utilizing both the emerging BAC end sequence and physical
mapping data between cen8 of O. sativa and a wild progenitor (O. brachyantha)
have already revealed significant rearrangements following their divergence less
than 10 million years ago (Ge et al. 1999). O. brachyantha has completely lost any
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remnant of the CentO satellite and has replaced it with another satellite, CentO-F,
which is not found in any of the other 17 rice species examined (Lee et al. 2005;
Ma et al. 2007). Furthermore, there is also discordance between the type and
amount of retrotransposons harbored in the centromere of each of the two species,
with O. brachyantha containing markedly fewer retrotransposons, some of which
are again unique to the species (Lee et al. 2005; Ma et al. 2007). Finally, an inver-
sion spanning one edge of the centromere in O. brachyantha provides evidence
that the relative chromosomal position of this centromere has actually shifted with
respect to its position in O. sativa (Ma et al. 2007). Thus, the changes seen within
a span of less than 10 millions years suggest that centromeres are highly dynamic
and are able to evolve quite rapidly at the sequence level.

6.4.3 Neocentromere

Neocentromeres are found on abnormal chromosomes that lack an original cen-
tromeric region containing a centromeric repeat, usually due to a deletion. To com-
pensate for the absence, these anomalous chromosomes are shown to have generated
a new centromere at a novel and non-centromeric region of the chromosome
(Voullaire et al. 1993; Barry et al. 2000). Typically the neocentromere phenomenon
is seen in patients with abnormal karyotypes, and studies within these groups have
shown that centromeric proteins are localized at the neocentromere (Lo et al.
2001a, b; Alonso et al. 2007). These neocentromeres are frequently stable, and can
faithfully be transmitted through several generations of meiotic divisions (Marshall
et al. 2008).

In plants, the term “neocentromere” had been to describe subtelomeric heterochro-
matin regions in maize and rye that behave as centromere-like regions during meiosis
rather than mitosis (Viinikka 1985; Yu et al. 1997). In maize, these heterochromatic
regions are composed of non-centromeric repetitive DNA sequences, and lack cen-
tromeric proteins (Peacock et al. 1981; Dawe et al. 1999; Zhong et al. 2002). Recently,
a neocentromere that is characteristically very similar to human neocentromeres was
reported in barley (Nasuda et al. 2005). A line carrying the short arm of 7H chromo-
somes (7HS) was isolated from progenitors of a bread-wheat line carrying a pair of
barley 7H chromosomes and a gametocidal chromosome 2C. Although the 7HS
chromosome lost the barley centromeric repetitive DNA after a recombination with
an unknown part (but non-centromeric) of the wheat chromosomes and was also
subjected to some deletions, the reconstructed barley chromosome, nevertheless, still
possess centromeric proteins and centromere functions. These situations are more
similar to those involving human neocentromeres rather than the previously defined
plant neocentromeres. However, the genesis of the barley neocentromere might differ
from that of the human neocentromere. Although studies of human neocentromeres
indicated that they are generated at new positions in a single step, the barley neocen-
tromere appears to have shifted several times along the chromosomal arm region
during the deletion steps to finally arrive at the current position.
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6.4.4 Dicentric Chromosome

Inactivation of one of the two centromeres in dicentric chromosomes represents
another epigenetic phenomenon seen in centromeric regions. Dicentric chromo-
somes possess two centromeric regions on a chromosome that can either be generated
by a translocation between two chromosomes or a fusion between two sister chro-
matids. If both centromeres on a dicentric chromosome are active, the dicentric
chromosome is usually unstable (McClintock 1939; Koshland et al. 1987;
Lukaszewski 1995). Consequently, each centromere can be captured by spindle
fibers eminating from different poles. As a result, the chromosome is pulled to
different poles causing chromosome breakage. To avoid the breakage, one of the
two centromeres on dicentric chromosomes is usually inactivated, leaving only
one centromere to function as the active centromere (Sullivan and Schwartz 1995).
Centromeric proteins disappear from the inactivated centromeres in this situation.
Mechanisms responsible for the inactivation in dicentric chromosomes are not
known for any organism. In addition, dicentric chromosomes with two active cen-
tromeres that are closely located are also stably transmittable (Koshland et al. 1987;
Sullivan 1998). In this situation, these centromeres may be coordinated as a “single”
centromere if the active centromeres are close enough. However, the acceptable
distances between two active centromeres on dicentric chromosomes are quite
different between species (1 kb to 12 Mb) (Koshland et al. 1987; Sullivan 1998).

Unstable dicentric chromosomes have been reported in maize (McClintock
1939); however, the first transmissible dicentric chromosome, among plants, was
reported in wheat (Sears and Camara 1952). Interestingly, active state of one of the
two centromeres on the wheat dicentric chromosome was epigenetically silenced.
Specifically, the centromere was almost always active on unpaired univalents, but
inactive on paired bivalents (Sears and Camara 1952). Recently, six dicentric chro-
mosomes were characterized in maize (Han et al. 2006). Although the dicentric
chromosomes showed two centromeric signals in FISH with maize centromeric
DNA sequences, the dicentric chromosomes possessed only one CENH3 positive
site as revealed by immunostaining with an anti-CENH3 antibody. Observations
using a translocation line from B chromosome in maize revealed that the centro-
mere from B chromosome in a dicentric chromosome was inactive for more than
four generations (Han et al. 2006).

6.4.5 Holocentric Chromosome

A centromere is usually constructed at a primary constriction of chromosomes.
However, a special type of chromosome is observed in some species in which the
active centromere spans almost the entire length of the chromosome. This special
type of chromosome is called a holocentric chromosome. These species (nematodes,
insects, monocotyledons, and dicotyledons) are scattered among different biological
kingdoms and yet most of their close relatives have the more conventional, localized
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centromere (Kondo and Lavarack 1984; Pimpinelli and Goday 1989). Based on
these facts, we can deduce that such holocentric species were derived independ-
ently from species possessing a localized centromere. Reorganization from a local-
ized centromere chromosome to a holocentric chromosome represents a big change
and involves a significant risk. It is interesting to note that such big changes have
occurred several times and have become fixed in different phylogenetic lineages.

Although some holocentric species have been reported in different phylogenetic
lines, Caenorhabditis elegans has been the most intensively studied at the molecu-
lar level (Dernburg 2001). In plants, holocentric species have been investigated only
recently at the molecular level (Gernand et al. 2003; Haizel et al. 2005; Nagaki et al.
2005a). The centromere protein CENH3 (LnCENH3) was found in holocentric
chromosomes of Luzula nivea (Nagaki et al. 2005a). Immunostaining with anti-
LnCENH3 antibody revealed a linear-shaped centromere on mitotic metaphase
chromosomes (Nagaki et al. 2005a). Although the amount of CENH3 is usually
constant throughout the cell cycle in localized-centromere species, the amount
varied during the cell cycles in L. nivea. The amount of LnCENH3 is limited to
small areas during interphase and then increases from prometaphase to metaphase,
resulting in the linear-shaped centromeres in metaphase. Subsequently, the amount
of LnCENH3 decreases from telophase to interphase. Interestingly, similar chang-
ing patterns were observed for CENP-A and CENP-C in C. elegans (Buchwitz et
al. 1999; Moore and Roth 2001; Oegema et al. 2001). These findings suggest that
similar systems producing holocentric chromosomes were developed independ-
ently among different species at different points in evolutionary time. The increasing
pattern may represent an inevitable way of combining gene expression at interphase
and constructing holocentric chromosomes in metaphase. However, mechanisms
controlling the loading of centromere proteins are not known for any holocentric
species. Intriguingly, C. elegans lacks one of the two condensin subfamilies, and it
has been suggested that the lack of a condensin subfamily is the cause of the change
from a localized to holocentric centromere (Ono et al. 2003).

6.5 Centromere Modification

6.5.1 General Remarks

In general, centromeric and paracentric regions are epigenetically modified by histone
acetylations, methylations, and phosphorylations at different amino acid positions,
and by DNA methylations. For instance, dimethylations of histone H3 at lysine 4
(H3K4me2) and acetylations of histone H4 (H4Ac) are characteristic of euchromatin,
while dimethylations of histone H3 at lysine 9 (H3K9me2) and DNA methylations
at cytosine bases are associated with heterochromatin (Turner 2002). In human and
D. melanogaster centromeres, centromeric chromatins including CENH3 were also
associated with H3K4me2, while pericentromeric regions located outside of the
centromeric chromatins possessed H3K9me?2 (Sullivan and Karpen 2004). A similar
co-localization pattern of CENH3 chromatin and these dimethylated histone H3s was
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also observed in S. pombe (Cam et al. 2005). In addition, phosphorylations of histone
H3 at Ser10 and Ser28 have been observed in mitotic cells among animals and plants.
In mammals, the phosphorylation of histone H3 at Ser10 begins in pericentric hetero-
chromatins and spreads to the chromosome arms during metaphase (Hendzel et al.
1997). However, in plants, the phosphorylation of histone H3 at Ser10 and Ser28 is
reduced in the pericentric heterochromatins from prophase stage to telophase stage in
mitosis, but spreads along the entire chromosome in meiosis (Houben et al. 1999;
Kaszas and Cande 2000; Gernand et al. 2003). CENH3 is also phosphorylated in its
N-terminal tail (Zeitlin et al. 2001). In humans, Ser7 of CENP-A, the Ser10 counter-
part of the canonical histone H3, is phosphorylated in a pattern similar to the phosphor-
ylation of histone H3 (Zeitlin et al. 2001). In maize, Ser50 of CENH3, Ser28 counterpart
of the canonical histone H3, is phosphorylated in a pattern similar to that of histone
H3 (Zhang et al. 2005). DNA methylations also works as an epigenetic marker for
heterochromatins. Since the heavy methylation status of centromeric repetitive DNA
sequences has been reported for various organisms (Martinez-Zapater et al. 1986;
Miniou et al. 1997; Dong et al. 1998), it was believed that centromeres have highly
methylated regions throughout their entire length. However, it is unclear whether all
or just portions of centromere sequences, within a defined region, are methylated.

6.5.2 Arabidopsis

Immunostaining using labeled anti-HTR 12 and anti-methylated cytosine antibodies
on extended chromatin fiber uncovered the hypomethylation status of Arabidopsis
centromeres (Zhang et al. 2008). CENH3 binding regions of Arabidopsis centro-
meres possess hypomethylated 180-bp repeat family sequences, while the DNA
located outside the binding region was highly methylated. Additionally, immunos-
taining using anti-HTR12 and anti-Lys9 dimethylated histone H3 antibodies
showed patterns similar to those obtained with anti-HTR12 and anti-methylated
cytosine antibodies. ChIP cloning using anti-HTR12 antibodies uncovered two
distinct types of 180-bp repeat family sequences (Zhang et al. 2008). One is cen-
tromeric and is among the precipitated sequences, while the other is pericentro-
meric in location and not found in the precipitated sequences. Distribution patterns
of CG and CNG methylation sites differed between these two types of sequences.
These results have revealed distinct epigenetic features of the CENH3-associated
“centromeric chromatin” as compared to the pericentromeric heterochromatin.

6.5.3 Rice

The fully sequenced centromeres of chromosome 8 and 4 in rice provide an exceptional
source for an analysis of the structural features of active chromosomes, both epige-
netically and at the sequence level (Nagaki et al. 2004; Wu et al. 2004; Zhang et al.
2004). Although previously reported human, D. melanogaster, and S. pombe centromeres
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have CENH3 and H3K4me?2, rice Cen8 appears to be mostly enriched for H3K9me?2
(Nagaki et al. 2004). Both centromere 8 and centromere 3 contain genes with
detectable transcripts, and the precise manual annotations of these centromere
regions have revealed that local modifications marking euchromatin such as
H3K4me2 and H4Ac enrich the genes within the centromere (Yan et al. 2005,
2006). The patterns of the modified histones associated with the centromeric genes
appear to be similar to those seen in the pericentromeric regions. Further genome-
wide analysis may reveal whether rice centromeres are associated with an unique
combination of histone modification patterns reported in animal centromeres.

DNA methylation studies of centromeres, while still preliminary, have provided
some evidence that epigenetic DNA modifications are found in the centromeres of
rice. The level of methylation across the centromeres of rice is generally discon-
tinuous, with the highest enrichment distributed broadly across the CentO satellite
repeats (Li et al. 2008). Intriguingly, CRRs showed little evidence of being methylated
(Li et al. 2008). While this finding coincides with the fact that some CR elements
are actively transcribed in the centromere (Neumann et al. 2007), the hypomethylation
of CRRs may prove to be a unique feature for this family of retrotransposons, given
that most retrotransposon families located outside the centromere are typically
hypermethylated.

6.6 Minichromosomes and Artificial Chromosomes

6.6.1 Minichromosomes

Minichromosomes are considerably smaller than their native equivalent and also
harbor a much more succinct centromere. These characteristics make them a highly
useful tool for determining the functional domains of centromeres. Initial studies
focused on budding yeast S. cerevisiae that has very short (~125 bp) centromeres
(Cottarel et al. 1989). However, utilization of the minichromosome approach is more
informative in the eukaryotes, which have longer and more complex centromeres,
such as S. pombe (Hahnenberger et al. 1989), D. melanogaster (Sun et al. 2003), and
humans (Auriche et al. 2001). These minichromosomes have been produced by
homologous recombination, y irradiation, or telomere-insertion-induced truncation.

Minichromosomes have been found also in higher plants: the PRO1 chromo-
some of Beta procumbens (Gindullis et al. 2001a, b), the B chromosome of
Brachycome dichromosomatica (Houben et al. 1997), and the midget chromosome
of Secale cereale (Murata et al. 1992). In maize, various types of minichromosomes
have been created by the breakage-fusion-bridge (BFB) cycle from a translocation
between the B chromosome and chromosome 9 short-arm in maize (Zheng et al.
1999; Kato et al. 2005). The overall size and structure of the mini-B-chormosomes
were different from one another, although the exact sizes of the minichromosomes
or their centromere sizes were not determined.
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In A. thaliana, the minichromosomes found were considerably smaller than
those in maize and other plant species: an expected result, given the size of the
native chromosomes are 25.3-38.0 Mb (Hosouchi et al. 2002, Murata et al. 2006,
2008). An Arabidopsis minichromosome, named mini-4S, is thought to originate
from a breakage of the centromere of chromosome 4, and thus contains the whole
short arm and the truncated centromere of chromosome 4 (Murata et al. 2006).
The size of this mini-4S chromosome and the amount of the major centromeric
satellite (180-bp family) are estimated to be ~7.5 and ~1 Mb, respectively. Although
these sizes are approximately one-third of the native chromosome 4, the transmission
rates of mini-4S to the next generation were almost coincident with the rate of
chromosome 4 in the primary trisomic condition (Koornneef and Van der Veen
1983). The transmission rate of mini-4S is considerably higher in the Columbia-
ecotype background than in the Landsberg-erecta-ecotype. This suggests that the
minichromosome stability is controlled genetically, as shown in S. pombe. Recently,
two other minichromosomes (mini-o. and mini-d) were found in a transgenic
Arabidopsis plant (Murata et al. 2008). Both minichromosomes originated from a
short arm of chromosome 2. The size of mini-o is ~8 Mb, almost the same as that
of mini-4S, but the amount of the centromeric major satellite (180-bp family) is
~0.7 Mb, which is less than that of mini-4S. Mini-§ is a ring chromosome carrying
two copies of the 180-bp repeat cluster and of the pericentric region, the estimated
size of which is 3.7 Mb in total. Although it lacks the terminal region including
telomere repeats, it is stably transmitted to the next generations but only through
the male gametes. Each of the two 180-bp clusters (ca. 500 kb in length) is thought
to allow normal centromere function because the centromere-specific histone H3
(HTR12) was detected on both clusters. These results indicate that 500 kb of the
180-bp array is sufficient to form a functional kinetochore.

A lower size limit (5% of genome size) is suggested as the minimum amount to
promote stable transmission through meiosis (Schubert 2001). The size (7.5-8 Mb)
of mini-4S and mini-o is consistent with this hypothesis, whereas the size of mini-6
is inconsistent, as is PRO1 minichromosome, the size of which is only 6-9 Mb. The
size of centromeres and/or shape of chromosome (linear vs. circular) may also be
important for the minichromosome stability.

6.6.2 Artificial Chromosomes

In addition to the centromere, an eukaryotic chromosome contains at least two
more functional elements: telomere and origin of replication (ori). These three
elements are required for chromosome maintenance and stability during cell division.
This requirement was first shown in budding yeast by constructing artificial chro-
mosomes (YAC) from the DNA molecules assembled in vitro (Murray and Szostak
1983). This type of approach for the construction of artificial chromosomes, called
“the bottom-up approach,” is also effective in constructing mammalian or human
artificial chromosomes (MAC or HAC) (Harrington et al. 1997; Ikeno et al. 1998).
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More recently in maize, a circular centromeric DNA constructed in vitro was dem-
onstrated to be heritable when introduced into the embryonic tissues (Carlson et al.
2007), but the evidence supporting the de novo formation of artificial chromosomes
have yet to be reported (Houben et al. 2008). Presently, it is difficult to introduce
large centromere-specific repetitive DNA molecules into plant cells efficiently.
Therefore, the minichromosome approach described earlier is an alternative choice
for constructing artificial chromosomes in plants.

Chromosomal breakage caused by the introduction of cloned telomere DNA was
first applied in human cells (Itzhaki et al. 1992), and since then it has been used to
generate the minichromosomes (Heller et al. 1996; Saffery et al. 2001). Recently,
telomere-mediated chromosomal truncation was shown to be feasible approach in
maize for generating A and B minichromosomes (Yu et al. 2007). Since these mini-
chromosomes are manipulated to contain a Lox P site, site-specific recombination of
desired genes is possible with Cre recombinase. Very recently, it was reported that
minichromosomes were formed in maize by introducing the DNA molecule containing
native centromere segment, ori, and telomere repeats (Ananiev et al. 2008).

6.7 Concluding Remarks

Investigations of plant centromeric components and centromere structures during
this decade have broadened our knowledge of plant centromeres. However, most of
the parts of plant centromeres are still unknown. More direct interrogation of plant
centromere complexes, mutants of plant centromere proteins, and artificial chromo-
somes will lead to a greater understanding of plant centromeres.
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