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Preface

The inheritance of our chromosomes through the germline has fascinated biologists
for over a century. Likewise, the faithful transmission of chromosomes every time
somatic cells divide is a process that has attracted the attention of top scientists from
many areas of the biosciences—many of whom contributed chapters to this book.
As we get deeper into the twenty-first century, there has been a wonderful con-
vergence of science coming from experts in very diverse areas: computational
genomics, genetics of model organisms, evolutionary biology, proteomics, bio-
chemistry, structural biology, cell biology, and others. In focusing on the chro-
mosomal locus—the centromere—that is key to chromosome segregation and the
mammoth meiotic and mitotic machine—the kinetochore—that connects each
chromosome via the centromere to the microtubule-based spindle, one aim of this
book is to span a large swath of the research being done in this area. The book
highlights historical and recent progress, but it is also intended as a reference for
those involved in chromosome segregation research and as guide for those outside
the field. It aims to allow the reader to gain access to the history and future
questions that will require creative and innovative approaches to unlock remaining
mysteries of the processes that drive faithful chromosome inheritance.

Part I covers the approaches and model systems that have led to the identifi-
cation, organization, and regulation of centromere and kinetochore components. In
“Use of Mass Spectrometry to Study the Centromere and Kinetochore”, Samejima,
Platani, and Earnshaw explore the history of the identification of the proteins of the
centromere and kinetochore, highlighting the role of proteomic methodologies in
not just building the “parts list” but also giving us a sophisticated view on the
organization of centromeres and kinetochores. In “Critical Foundation of the
Kinetochore: The Constitutive Centromere-Associated Network (CCAN)”, Hara
and Fukagawa provide an up-to-date view of the current understanding of the
organization and function of members of the constitutive protein components of the
centromere, a complex called the “constitutive centromere associated network”. In
“The Power of Xenopus Egg Extract for Reconstitution of Centromere and
Kinetochore Function”, French and Straight highlight the biochemical powerhouse
model system in Xenopus egg extracts and specifically how it has aided in the
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mechanistic understanding of centromeres and kinetochores. In “Centrochromatin
of Fungi”, Friedman and Freitag describe the great diversity and intriguing biology
that is represented within fungi, from the first centromere cloned in budding yeast to
species that are important human pathogens. In “Evolutionary Lessons from
Species with Unique Kinetochores”, Drinnenberg and Akioshi supply a com-
pendium of the species where wild deviation from the major lessons learned from
traditional model organisms promise to unlock new mechanisms for specifying
centromeres and segregating chromosomes during cell division. In “Quantitative
Microscopy Reveals Centromeric Chromatin Stability, Size and Cell Cycle
Mechanisms to Maintain Centromere Homeostasis”, Stankovic and Jansen high-
light how innovations and applications of quantitative microscopy have trans-
formed our understanding of many critical aspects of the formation, maintenance,
and function of centromeric chromatin.

Part II focuses on how centromere location is defined in most eukaryotes, not by
DNA sequence, but rather by epigenetic information where the histone H3 variant,
CENP-A, plays in the leading role. In “Orchestrating the Specific Assembly of
Centromeric Nucleosomes”, Zasadzińska and Foltz cover the current view of how
CENP-A nucleosomes are assembled at centromeres and how this process is
carefully regulated to ensure that centromere identity is not compromised. In
“Artificial Chromosomes and Strategies to Initiate Epigenetic Centromere
Establishment”, Barrey and Heun discuss the lessons learned about centromere
formation and the epigenetic processes underlying centromere identity through
innovations and applications of artificial chromosomes and other systems where de
novo centromere formation can be monitored. In “Post-translational Modifications
of Centromeric Chromatin”, García del Arco and Erhardt tackle the emerging view
from studies of post-translational modification of CENP-A and canonical histones
in the chromatin of functional centromeres in diverse model systems. In
“Centromere Silencing Mechanisms”, McNulty and Sullivan discuss what is known
about how a functional centromere can be ‘turned off’ and what has been learned
about the epigenetic processes at centromeres by studying what happens when a
centromere is silenced. In “Centromere Transcription: Means and Motive”, Duda,
Trusiak, and O’Neill cover many documented instances of centromeric transcrip-
tion, give an overview of the diverse proposals for the outcome of the centromeric
transcripts, and provide ideas about the potential role(s) of transcription in cen-
tromere identity and function.

Part III explores our understanding of the sequence, genomic organization, and
role of DNA sequence at centromeres; an area of centromere biology where many
baffling observations pointedly demonstrate how much is left to be learned about
centromeres. In “The Promises and Challenges of Genomic Studies of Human
Centromeres”, Miga explains why centromeres have remained the “final frontier”
of the human genome, how special tools and approaches must be used for attacking
centromere sequence and organization using genomic data, the recent major pro-
gress in human centromere genomics, and the outlook for future centromere
genomics. In “DNA Sequences in Centromere Formation and Function”, Dumont
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and Fachinetti cover experiments that support the idea that repetitive centromeric
DNA sequences, while they can be bypassed for centromere identity and basic
function, nonetheless play important functional roles in these processes. In “The
Unique DNA Sequences Underlying Equine Centromeres”, Giulotto, Raimondi,
and Sullivan describe how many equine species have one or more centromere
residing on non-repetitive DNA and how these species provide a potentially
powerful natural milieu for exploring the relationship between epigenetic and
genetic contributions to centromere identity and function.

Part IV get to the meat of how centromeres and kinetochores work in segregating
our chromosomes and their role in reproduction and in healthy somatic cell divi-
sions and their dysfunction in cancer. In “Centromere Dynamics in Male and
Female Germ Cells”, Dunleavy and Collins review what is known about the
behavior of centromeres in the germline, the challenges that the germline presents
to faithfully passing along to our offspring the location of the centromere, and
recent progress on understanding the molecular processes that maintain centromere
identity from one generation to the next. In “Cell Biology of Cheating—
Transmission of Centromeres and Other Selfish Elements Through Asymmetric
Meiosis”, Chmátal, Schultz, Black, and Lampson present our current understanding
of how the asymmetric process of female meiosis opens the door to selfish cen-
tromeres or other genetic elements to cheat and provide the chromosome that they
lie upon an advantage in making it to the next generation (i.e., non-Mendelian ratios
of chromosome inheritance). In “Biophysics of Microtubule End Coupling at the
Kinetochore”, Grishchuk gets right down to the essential issue of how kinetochores
physically connect to spindle microtubules and the biophysical understanding of
how this connection and the polymerization/depolymerization of microtubules
work together to orchestrate the steps of mitotic chromosome segregation. In
“Molecular Mechanisms of Spindle Assembly Checkpoint Activation and Silencing
”, Corbett describes the current molecular understanding of the intricate cell sig-
naling pathway—the spindle assembly checkpoint—that allows both the sensitivity
to checkpoint arrest an entire cell if a single kinetochore remains unattached to the
spindle and the ability to rapidly silence the checkpoint when all attachments have
been made. In “A Kinase-Phosphatase Network that Regulates Kinetochore-
Microtubule Attachments and the SAC”, Vallardi, Cordeiro, and Saurin focus
specifically on the complex network of kinases and phosphatases that directly
modulate kinetochore–microtubule interactions in a manner that both promotes the
ultimate formation of proper spindle connections and also integrates directly into
the aforementioned spindle assembly checkpoint mechanism. In “Centromeric
Cohesin: Molecular Glue and Much More”, Mirkovic and Oliveira cover the role
of the cohesin complex, how it is retained as the final point of cohesion between
sister chromatids until anaphase onset, the functional importance of the cohesin
cycle that is intertwined with mitotic progression, and how it interacts in an
important way with inner centromeric signaling complexes that help ensure proper
chromosome segregation. In “Centromere Structure and Function”, Bloom and
Costanzo discuss the role of chromatin, itself, in the physical act of chromosome
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segregation and also explore the role of centromeric DNA repeats in this process. In
“The Role of Centromere Defects in Cancer”, Beh and Kalitsis discuss the rele-
vance to cancer genesis and proliferation of chromosome mis-segregation, the
aneuploidy it causes, mutation in kinetochore proteins, and abnormal centromere
structures that form through chromosome rearrangement.

Breaking down the barriers to understanding the molecular underpinnings of a
biological process as beautiful, complex, and fundamentally important as chro-
mosome segregation has proven an endeavor worthy of a global effort from some
of the most talented scientists, hard-working scholars, and exceptionally brilliant
minds in the biosciences. In achieving the goals of providing an up-to-date and
sophisticated text on the breakthroughs and pressing challenges in the study of
centromeres and kinetochores and also supplying an educational resource for a
more general audience to learn about this area of investigation, the writing of this
book was an endeavor worthy of a similarly global effort from many of the field’s
shining stars.

Philadelphia, USA Ben E. Black
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Part I
Identification, Organization,

and Regulation of Centromere and
Kinetochore Components



Use of Mass Spectrometry to Study
the Centromere and Kinetochore

Itaru Samejima, Melpomeni Platani and William C. Earnshaw

Abstract A number of paths have led to the present list of centromere proteins,
which is essentially complete for constitutive structural proteins, but still may be
only partial if we consider the many other proteins that briefly visit the centromere
and kinetochore to fine-tune the chromatin and adjust other functions. Elegant
genetics led to the description of the budding yeast point centromere in 1980. In the
same year was published the serendipitous discovery of antibodies that stained
centromeres of human mitotic chromosomes in antisera from CREST patients.
Painstaking biochemical analyses led to the identification of the human centromere
antigens several years later, with the first yeast proteins being described 6 years
after that. Since those early days, the discovery and cloning of centromere and
kinetochore proteins has largely been driven by improvements in technology. These
began with expression cloning methods, which allowed antibodies to lead to cDNA
clones. Next, functional screens for kinetochore proteins were made possible by the
isolation of yeast centromeric DNAs. Ultimately, the completion of genome
sequences for humans and model organisms permitted the coupling of biochemical
fractionation with protein identification by mass spectrometry. Subsequent
improvements in mass spectrometry have led to the current state where virtually all
structural components of the kinetochore are known and where a high-resolution
map of the entire structure will likely emerge within the next several years.

1 Discovery of Centromere Proteins Using
Anti-centromere Autoantibodies

Using newly discovered anti-centromere autoantibodies (here called ACA) (Moroi
et al. 1980), the Tan and Brinkley labs showed that the antigen was present at
centromeres throughout the cell cycle (Brenner et al. 1981; Moroi et al. 1981).

I. Samejima � M. Platani � W.C. Earnshaw (&)
Wellcome Trust Centre for Cell Biology,
University of Edinburgh, Edinburgh, Scotland, UK
e-mail: bill.earnshaw@ed.ac.uk

© Springer International Publishing AG 2017
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3



However, its molecular characterisation was initially elusive. Eventually,
immunoblotting using purified human chromosomes revealed that many ACA
recognised three antigens, namely CENP-A, CENP-B and CENP-C (Guldner et al.
1984; Earnshaw and Rothfield 1985). Certain sera recognised a fourth antigen,
CENP-D, which turned out to be RCC1 (Bischoff et al. 1990), the guanine
nucleotide exchange factor (GEF) for the small GTPase Ran (Bischoff and
Ponstingl 1991a, b). The role of CENP-D at centromeres is not known.

The next steps in characterising centromere proteins came with the development
of expression vector cloning in lambda phage—a technique in which DNA mole-
cules encoding protein epitopes could be cloned using specific antibodies (Young
and Davis 1983). Use of ACA led to cloning of cDNAs encoding CENP-B,
CENP-C, CENP-F and HP1alpha (Earnshaw et al. 1987; Saitoh et al. 1992;
Saunders et al. 1993; Liao et al. 1995). Experimental antibodies raised against
mitotic chromosome scaffolds (the protein-rich residue remaining when most pro-
teins and nucleic acids are extracted from isolated mitotic chromosomes—(Adolph
et al. 1977)) were used to clone INCENP and CENP-E cDNAs (Cooke et al. 1987;
Yen et al. 1991).

Several biochemical studies had suggested that CENP-A was likely to be a core
histone (Palmer and Margolis 1985; Palmer et al. 1991). When the CENP-A cDNA
was eventually cloned by degenerate PCR based on peptide sequences from chy-
motryptic fragments of CENP-A protein (Palmer et al. 1991), and the protein was
confirmed to be a centromere-specific variant of histone H3 (Sullivan et al. 1994).

2 Identification of Centromere Proteins Using Yeast
Genetic Screens

The budding yeast point centromere is a DNA sequence that is necessary and
sufficient to confer centromere function in Saccharomyces cerevisiae (Clarke and
Carbon 1980; Hieter et al. 1985; Clarke and Baum 1990). Availability of cloned
yeast centromeres revealed a 125 bp core sequence with three conserved DNA
elements: CDE I, CDE II, CDE III (Fitzgerald-Hayes et al. 1982). CDE III was
essential, and point mutations could abolish centromere activity. A heroic effort
subsequently led to the biochemical isolation of the CBF3 complex, which binds to
CDE III (Lechner and Carbon 1991). This complex turned out to be specific to
budding yeasts with a point centromere. Other organisms with regional centromeres
(Pluta et al. 1995) do not use proteins related to CBF3, but instead use proteins
related to the human CENP proteins. [An exception to this are the
Trypanosomatids, which assemble an inner centromere from a completely divergent
group of at least 20 proteins—(Akiyoshi and Gull 2014; Nerusheva and Akiyoshi
2016). Their outer kinetochore, however, contains proteins distantly related to
members of the Ndc80 complex (see below), so their kinetochore is not entirely
divergent from that of other eukaryotes (D’Archivio and Wickstead 2017).]

4 I. Samejima et al.



The availability of cloned centromeres and assays for centromere function led to
several screens for centromere proteins in budding yeast. Several complementation
groups were isolated in a genetic screen for mutants defective for minichromosome
maintenance (MCM) at 35 °C (Maine et al. 1984; Roy et al. 1997). Of these,
mcm2–mcm7 mutants were defective in the initiation of DNA replication and are
now known to make up part of the essential CMG helicase (Moyer et al. 2006).
Others had defects in chromosome segregation into daughter cells. MCM16,
MCM17 (CHL4), MCM18 (CTF19), MCM19 (IML3), MCM21, MCM22 are
components of the yeast kinetochore.

A screen for genes that reduced the fidelity of chromosome transmission at high
gene dosage yielded MIF2, which showed genetic interactions with CDE II of
centromere DNA (Meeks-Wagner et al. 1986). The Mif2 amino acid sequence had
limited homology with CENP-C, and indeed Mif2 is budding yeast CENP-C
(Meluh and Koshland 1995). ctf19, mcm21 and okp1 of the COMA complex (De
Wulf et al. 2003) were isolated from a one hybrid system screen that was designed
to identify proteins that localise to CEN DNA (Ortiz et al. 1999). Ctf19 had been
identified in a previous large screen for chromosome transmission fidelity mutants
(Spencer et al. 1990; Doheny et al. 1993; Hyland et al. 1999). The budding yeast
homologue of CENP-A, Cse4, was identified in 1996 in a genetic screen for
mutants affecting chromosome segregation efficiency and interacting genetically
with the point centromere (Stoler et al. 1995).

The Ndc80 complex is found in the outer kinetochore, where it has a key role in
microtubule attachment. This complex was discovered when the budding yeast
spindle pole body (SPB—equivalent to the metazoan centrosome) was purified
biochemically and its components identified by mass spectrometry (Rout and
Kilmartin 1990; Wigge et al. 1998). In contrast to genuine SPB components,
Ndc80, Spc24 and Spc25 associated with only a subset of nuclear microtubules and
it was subsequently realised that they localised to the outer kinetochore rather than
the SPB (Wigge and Kilmartin 2001).

Schizosaccharomyces pombe regional centromeres are � 30 times larger than
their budding yeast counterparts (Fishel et al. 1988), rich in repetitive DNAs
(Nakaseko et al. 1986; Fishel et al. 1988; Chikashige et al. 1989), and require an
epigenetic component to acquire centromere activity (Steiner and Clarke 1994).
Functional studies turned out to be challenging, and it was some time before it was
possible to design artificial chromosomes in this organism (Hahnenberger et al.
1989). Like S. pombe centromeres, higher eukaryote regional centromeres also
require an epigenetic component for centromere activity (Earnshaw and Migeon
1985; Karpen and Allshire 1997; Vafa and Sullivan 1997; Warburton et al. 1997).
Thus, proteins essential for S. pombe centromere function have turned out to be
essential for vertebrate centromeres as well.

S. pombe temperature-sensitive mutants were screened visually by fluorescence
microscopy to look for chromosome segregation defects (Takahashi et al. 1994).
Genes identified through characterisation of mutants isolated in this screen included
Mis12, Mis13(Dsn1), Mis14(Nsl1) of the MIS12 complex, a key structural com-
ponent of the outer kinetochore—(Goshima et al. 1999); Mis16 and Mis18, key
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factors in loading the critical centromeric histone CENP-A—(Hayashi et al. 2004);
and Mis6, a component of the inner centromere known as CENP-I in vertebrates
(Goshima et al. 1999).

By 2003, most yeast kinetochore proteins had been identified (Westermann et al.
2007; Biggins 2013). At that time, only a handful of vertebrate kinetochore proteins
were known. Unfortunately, it was not easy to use sequence homologies to identify
metazoanproteins corresponding to theyeast genes (or viceversa). In fact,CENP-I and
Mis12 were the only vertebrate centromere proteins identified via sequence homolo-
gies with fission yeast counterparts (Goshima et al. 1999; Nishihashi et al. 2002).

3 Post-genomics Approaches to Discover Centromere
Proteins: RNAi Screening in C. elegans

More comprehensive approaches that led to discovery of centromere proteins
emerged following the completion of whole genome sequencing for the major
model organisms. One such RNAi screen in C. elegans identified *250 genes
whose depletion resulted in chromosome segregation defects (Gonczy et al. 2000;
Sonnichsen et al. 2005). A kinetochore null (KNL) phenotype was observed with
RNAi of five genes. This phenotype is a set of defects consistent with complete loss
of kinetochore function: chromosome segregation failure, defective chromosome
alignment, precocious spindle pole separation, failure to assemble stable mitotic
spindles and no recruitment of other kinetochore components. The KNL phenotype
was first observed with RNAi of CENP-A and CENP-C (Oegema et al. 2001).

The large-scale screen identified CENP-A and CENP-C plus three novel KNL
genes (Desai et al. 2003; Cheeseman et al. 2004; Maddox et al. 2007).
Affinity-purification of KNL-1 and KNL-3 followed by mass spectrometry revealed
physical association of 10 members of what was called the KMN network
(Cheeseman et al. 2004). Their depletion phenotype defined three subcomplexes
that assemble into the outer kinetochore: the Ndc80 complex, the Mis12 complex
and KNL-1.

4 Identification of Centromere/Kinetochore Proteins
by Affinity-Purification Mass Spectrometry (AP-MS)

Mass spectrometry (MS) is a technique that allows the unbiased identification and
quantitation of a wide range of molecules in biochemical samples. The ability to
identify unexpected or unknown proteins in such samples is a great advantage of MS.
Advances in MS were key to determining the protein composition of centromeres.
Initial studies focused on CENP-A nucleosomes and their associated proteins. Later
studies turned to shotgun characterisation of the proteome of whole chromosomes.

6 I. Samejima et al.



During the time frame covering these studies, the types of mass spectrometers
underwent a significant evolution. The main method of mass spectrometry used in
the early days was MALDI-TOF (Matrix assisted laser desorption/inonization
coupled with time of flight mass analyser) (Yates 1998). MALDI-TOF, can suc-
cessfully handle relatively simple samples such as a band or a spot cut out from a
polyacrylamide gel that contains one or a few polypeptides (Jensen et al. 1997).
Mass spectrometry on complex samples became possible only after the develop-
ment of LC-MS/MS (Liquid chromatography coupled tandem mass spectrometry)
systems (Washburn et al. 2001; Aebersold and Mann 2003). Peptide identification
by direct sequencing using tandem MS was a great improvement from peptide mass
fingerprinting previously available with the single TOF mass analyser (Jensen et al.
1999). Furthermore, fractionation of samples by liquid chromatography before
ionisation reduced the complexity of the sample prior to injection into the mass
spectrometer. Thus, more complex samples such as whole chromosomes could be
analysed. Development of instruments such as Orbitrap mass spectrometers pro-
vided higher signal resolution and better mass accuracy, allowing the separation of
many more peptides in protein mixtures (Adachi et al. 2006; Macek et al. 2006;
Han et al. 2008). This led to the identification of many more proteins in complex
samples.

Affinity pull-down followed by mass spectrometry (AP-MS) allowed the iden-
tification of kinetochore proteins that bridge CENP-A nucleosomes and the outer
kinetochore. Most structural kinetochore proteins were identified by this approach.

The first breakthrough study pulled down interphase chromatin from HeLa cells
using a CENP-A-specific monoclonal antibody (Obuse et al. 2004). The authors
used micrococcal nuclease digestion to solubilise centromere chromatin and obtain
complexes derived from the interphase centromere (ICEN). This analysis recovered
all human centromere proteins known at the time (CENP-A, CENP-B, CENP-C,
CENP-H, CENP-I and Mis12) plus >30 other proteins that had not previously been
linked with centromeres. The ICEN contained several Polycomb group proteins as
well as other proteins that function as chromatin remodelers. The authors speculated
that these proteins might help establish or maintain heterochromatin in or around
centromeres.

A follow-up study published 2 years later described functional analysis of seven
ICEN components of unknown function (ICEN22, 24, 32, 33, 36, 37 and 39) (Izuta
et al. 2006). All seven localised to centromeres when tagged with GFP. RNAi
studies revealed abnormal mitotic phenotypes, with defects in chromosome align-
ment or segregation when the proteins were depleted. CENP-H and CENP-I were
depleted from centromeres in these knock-downs (with the exception of ICEN24
and ICEN36), but CENP-A and CENP-C were not affected. These results were in
good agreement with later functional studies of the CCAN (constitutive
centromere-associated network—(Cheeseman and Desai 2008)) and these ICEN
proteins turned out to be components of the CCAN as follows (ICEN22/CENP-T,
ICEN24/CENP-U, ICEN32/CENP-N, ICEN33/CENP-L, ICEN36/CENP-O,
ICEN37/CENP-K and ICEN39/CENP-M). These pioneering studies ended with the
retirement of Kinya Yoda.
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In 2006, two studies using AP-MS to identify proteins associated with CENP-A
nucleosomes proved to be definitive for identification of structural components of
the mammalian centromere. In the first, the authors labelled CENP-A with a tandem
affinity-purification LAP tag (GFP–TEV protease cleavage site—S peptide fusion)
and pulled down CENP-A nucleosomes, identifying the CENP-A nucleosome
associated complex (NAC) (Foltz et al. 2006). In addition to CENP-A, the NAC
contained the known centromere proteins CENP-C, CENP-H and CENP-U(50) plus
three novel proteins, designated CENP-M, CENP-N and CENP-T. The latter three
were required for assembly of this complex of CENP-A-proximal proteins.

When CENP-M, CENP-N and CENP-T were each LAP-tagged and pull downs
were performed, this yielded an additional set of centromere-associated proteins,
known as CENP-A-nucleosome distal (CAD). These proteins were designated
CENP-K, CENP-L, CENP-O, CENP-P, CENP-Q, CENP-R and CENP-S. They
were not directly associated with the CENP-A nucleosome, and were assumed to
localise further out in the kinetochore. Depletion of NAC components caused
profound problems with kinetochore function and chromosome segregation.
Depletion of CAD component and CENP-U did not affect NAC assembly and cells
traversed mitosis, albeit with many mitotic abnormalities.

In a second paper published in 2006 CENP-H and CENP-I were tagged by
knock-in of FLAG and GFP tags to the endogenous genes in chicken DT40 cells
(Okada et al. 2006). Pulldowns with the corresponding antibodies yielded five
associated proteins: CENP-K, CENP-L, CENP-M, CENP-O and CENP-P.
LAP-tagged CENP-O and CENP-P localised to HeLa centromeres across the cell
cycle. A pulldown in HeLa cells with LAP-tagged CENP-O yielded two more novel
centromere proteins—CENP-Q and CENP-R. Overall, the CENP-H/CENP-I
complex in chicken and HeLa cells was found to contain 11 proteins. Analysis
of the distributions of proteins in various knockout mutants together with the
resulting cellular phenotypes led to the suggestion that CENP-H/CENP-I/CENP-K
and CENP-L form one centromeric subcomplex, while CENP-O/CENP-P/CENP-Q
and CENP-U(50) form another. The first of these complexes was required for
efficient assembly of the outer, but not the inner, kinetochore. The second appeared
to be non-essential for life in vertebrates (though the corresponding COMA com-
plex is essential for life in budding yeast—(Biggins 2013; Yamagishi et al. 2014)).

At the end of 2006, most of the major structural components of what came to be
called the constitutive centromere-associated network (Cheeseman and Desai 2008)
had been identified. Just one important complex remained to be described.

Fractionation of cell extracts by gel filtration revealed that CENP-T migrated
differently from CENP-H and was probably in an independent complex (Hori et al.
2008). The endogenous CENP-T gene was tagged and pulled down under conditions
more stringent than those used in previous studies. In these pulldowns, only extre-
mely low levels of CENP-H and CENP-O were observed, suggesting that these
proteins formed distinct complexes. Instead, CENP-T was associated with a small
protein previously known as CUG2, renamed here CENP-W. Depletion of CENP-W
caused severe chromosome segregation defects, and electron microscopy revealed
that CENP-W is required for normal formation of the kinetochore outer plate.
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In other experiments, gel filtration fractionation of cell extracts revealed that
CENP-S also migrated differently from CENP-O (Amano et al. 2009). This sug-
gested that CENP-S might also form an independent CCAN subcomplex. CENP-S
turned out to be associated with a novel protein, named CENP-X. Both proteins
were bona fide components of the CCAN, but were not essential for the life of
DT40 cells, although their knockdown in HeLa cells resulted in more severe mitotic
phenotypes. In DT40, CENP-S knockouts were found to have smaller kinetochore
plates by thin-section electron microscopy, and to recruit reduced numbers of outer
kinetochore proteins.

It has since emerged that CENP-S and CENP-X are in at least two functional
complexes in vertebrate cells. One complex of CENP-T/CENP-W/CENP-S/
CENP-X functions primarily at kinetochores (Nishino et al. 2012, 2013). All of
these proteins have histone folds, and the complex has been reported to associate
with DNA directly and to introduce super-coils into it (Takeuchi et al. 2013).
CENP-S/MHF1 and CENP-X/MHF2 have also been found to associate with
FANCM and to promote the association of the FANCM complex with chromatin
during resolution of interstrand DNA crosslinks and sister chromatid exchanges by
the Fanconi Anemia-mediated pathway (Singh et al. 2010; Yan et al. 2010).

As described above, mass spectrometry was critical to identification of most
structural components of the kinetochore. A recent attempt to assemble a functional
kinetochore capable of interacting in vitro with microtubules assembled a 21
subunit complex containing a CENP-A nucleosome plus CENP-C/CENP-H/
CENP-I/CENP-K/CENP-L/CENP-M/CENP-N and the KMN network of the KNL1
complex (KNL1, Zwint), the Mis12 complex (Dsn1, Mis12, Nsl1, Nnf1) and the
Ndc80 complex (Ndc80, Nuf2, Spc24, Spc25) (Weir et al. 2016). This can be
thought of as a minimal constitutive kinetochore, and is not much less complex than
the isolated budding yeast kinetochore (see next section). But these minimal
kinetochores lack many of the finer regulatory aspects and they are not associated
with native centromeric chromatin. In order to characterise the entire kinetochore in
its native context, proteomic analysis of kinetochores associated with mitotic
chromosomes is required.

5 Shotgun Proteomics of Isolated Yeast Kinetochores

A goal for many years was the isolation of kinetochores from mitotic chromosomes,
however, despite the availability of specific antibodies, this goal remained elusive,
largely as a result of the inability to cleanly excise the centromeric DNA from
metaphase chromosomes of metazoans. This goal was eventually reached in two
studies performed in the budding yeast.

In the first, whole chromosome with only 2 kb of DNA including a lac operator
array were isolated by pulling down with antibodies to FLAG-tagged lac repressor
protein (Akiyoshi et al. 2009). Centromere-containing and control minichromo-
somes containing mutations that blocked centromere assembly were pulled-down
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and only the centromeric minichromosomes had associated CENP-A/Cse4 and
Ndc80 proteins. A total of 329 proteins were identified on the centromeric
minichromosomes including 35 of 38 known constitutive centromere proteins. One
novel centromere protein was found: a protein phosphatase 1-targeting subunit
called Fin1 that associates with kinetochores in a PP1-dependent manner and is
required for normal function of the spindle assembly checkpoint.

In a second study, FLAG-tagged Mis12 complex subunit Dsn1 was used to pull
down a soluble protein complex from yeast lysates under physiological salt con-
ditions following shearing of the DNA (Akiyoshi et al. 2010). This protein complex
contained the 39 core kinetochore proteins plus other regulatory proteins, including
spindle checkpoint components. In this study, the purpose of MS analysis was
essentially for quality control, and the main focus of the paper was on functional
analysis of the purified kinetochores. The isolated complexes appeared to corre-
spond to functional kinetochores, as they could bind to taxol-stabilised micro-
tubules and make load-bearing attachments to disassembling microtubules that were
stabilised by tension in the physiological range.

6 Shotgun Proteomics of Whole Isolated Mitotic
Chromosomes

Early attempts to catalogue non-histone protein components of chromosomes by
brute force proteomic approaches missed a significant fraction of known mitotic
chromosomal proteins, including kinetochore components. This is because kine-
tochore proteins are among the least abundant proteins on chromosomes. Mass
spectrometers have a finite rate with which they can fragment peptides and identify
sequences. Thus if, for example one protein is hundreds or thousands of times more
abundant than another, simple probability will mean that few or no peptides from
the less abundant protein will be identified. Hence, the relatively low abundance of
kinetochore proteins in such a complex sample environment made it a serious
challenge to detect them. Detection required improvements in instruments plus
better fractionation of samples prior to their introduction into the machine.

Uchiyama et al. (2005) made a pioneering effort to comprehensively identify
mitotic chromosome proteins (Uchiyama et al. 2005). They obtained a list of
proteins from purified mitotic chromosomes analysed by 1- and 2-dimensional
SDS-PAGE followed by peptide mass fingerprinting of each band/spot by
MALDI-TOF. Comparison of two chromosome isolation methods allowed the
investigators to focus on 107 proteins resolved by SDS-PAGE that showed a high
affinity for mitotic chromosomes. This list contained 10 mitochondrial proteins, but
many of the other proteins were well-known chromosomal proteins.

The authors classified chromosomal proteins into four “layers” according to their
localisation: chromosome-coating proteins (mostly mitochondrial and cytoplasmic
proteins), chromosome peripheral proteins (mostly nucleolar proteins),
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chromosome structural proteins (including histones and other proteins known to be
involved in chromosome structure, such as condensin), and chromosome fibrous
proteins (cytoskeletal proteins including actin, tubulin and vimentin). Although
many novel chromosome-associated proteins were identified, no known kineto-
chore proteins were found.

In a follow-up study (Takata et al. 2007) chromosomes were isolated from two
human cell lines and proteins resolved by 1D and 2D gel electrophoresis as before.
This time, 189 proteins were identified. These data were analysed in terms of the
four layer model described above and similar results were obtained. This analysis
identified several centromere-associated proteins, including three components of the
chromosomal passenger complex (CPC), HP1 and CENP-B. No novel centromere
proteins were described.

Gassmann et al. took advantage of protocols for biochemical purification of
mitotic chromosomes developed in the Laemmli lab (Lewis and Laemmli 1982;
Gassmann et al. 2004, 2005). Their study analysed the chromosome scaffold
fraction instead of whole chromosomes (Lewis and Laemmli 1982; Gassmann et al.
2004, 2005). Chromosome scaffolds are essentially isolated metaphase chromo-
somes depleted of histones (Adolph et al. 1977; Earnshaw and Laemmli 1983).

Gassmann et al. identified 79 proteins, 30 of which were as-yet uncharacterised.
Several of the latter were tested for their localisation on mitotic chromosomes and
two were further studied. These were Borealin (Gassmann et al. 2004) and CENP-V
(Tadeu et al. 2008). Neither is a component of the CCAN. Borealin is a component
of the CPC. CENP-V encodes a GFA—an enzyme that catabolizes and detoxifies
formaldehyde, which is a byproduct of (histone) demethylation. CENP-V was
present on the prometaphase chromosome axis but was particularly concentrated at
heterochromatic regions of the inner centromere. The protein was required for
centromeric localisation of the CPC and Sgo1 and for normal compaction of
heterochromatin and formation of the primary constriction.

Gassmann et al. failed to observe CENP-C in their proteomic screen despite
previous reports that CENP-C and other kinetochore proteins were present in the
chromosome scaffold fraction (Earnshaw et al. 1984; Gassmann et al. 2005). Nor
did they find other centromere proteins in their search. Identification of these
non-abundant proteins in complex samples required further instrument development
and improvements in software and sample preparation protocols.

In a comprehensive chromosome proteomics study, Ohta et al. identified >4000
proteins including essentially all chromosomal proteins previously described (Ohta
et al. 2010a). These fell into 28 ontological categories, including 562 uncharac-
terised proteins. The problem that confronted these experimenters was how to
determine which of those proteins were bona fide chromosomal proteins and which
were hitchhikers. The latter were defined as cytoplasmic proteins that associate with
chromosomes in vivo after nuclear envelope breakdown but are not functionally
relevant to mitotic chromosomes.

This study depended on quantitative proteomics: an application of mass spec-
trometry to detect differences in abundance of each protein in at least two samples
(Ranish et al. 2003). For example, the relative abundance of each protein can be
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measured by comparison of two samples labelled with different isotopes. Stable
isotope labelling of amino acids in cell culture (SILAC) is one such technique for
in vivo labelling of cellular proteins (Ong et al. 2003; Ong and Mann 2006).
In SILAC, samples are prepared from cells grown with heavy and light amino acids
(e.g. using 13C and 15N). The relative amounts of corresponding heavy and light
peptides measured in the mass spectrometer correspond to the relative amounts of
the proteins in the two cell cultures (Ong et al. 2003) (Fig. 1). The SILAC method
was used in several studies described below.

The approach taken by Ohta and co-workers was termed multi-classifier com-
binatorial proteomics (MCCP) (Ohta et al. 2010a). In this case SILAC-based
quantitative proteomics methods were used to determine the protein composition of
chromosomes isolated under a number of different conditions. Equal numbers of
isolated chromosomes rather than equal numbers of starting cells (as in traditional
SILAC) were used in order to correct for the effect that different conditions might
have on the efficiency of chromosome isolation.

Each list of proteins quantitated under different conditions was termed a clas-
sifier. The classifiers used in the initial study included the copy number of indi-
vidual proteins in chromosomes; the relative abundance of each protein in cytosol
versus isolated chromosomes; the tendency of individual proteins to exchange
between chromosomes and cytosol when the two were incubated together; the
relative abundance of proteins found in chromosomes isolated from cells depleted
of condensin and the relative abundance of proteins in chromosomes isolated from
cells depleted of the kinetochore component Ska3 (Fig. 2). The problem that
immediately confronted the investigators was that when these lists were plotted out,
it was obvious that although some chromosomal proteins were enriched towards the
top of each list, others were distributed throughout the entire list. Thus, no unique
cutoff could be distinguished between chromosomal proteins and hitchhikers.

In an initial attempt to solve this problem, different classifiers were plotted
against one another in two-dimensional plots. Regions of these plots could be
identified that were enriched in chromosomal proteins (Fig. 3). However, this
analysis was not quantitative and it was not evident how multi-dimensional com-
parisons could be conducted.

A breakthrough came when it was realised that the multiple classifiers could
formally be regarded as analogous to data from multiple microarray experiments
that compare quantitation of RNA levels across a range of experimental conditions
(corresponding to classifiers). A powerful machine-learning method, random forest
analysis, had been developed to compare results of such microarray experiments.
Random forest analysis has the advantage that it can make comparisons between
lists of numbers and can deal with lists having missing values—a plague of pro-
teomics experiments where not every protein is identified in every experiment.

To perform random forest analysis, two training sets were defined, corre-
sponding to known chromosomal proteins and known cytoplasmic proteins (e.g. for
the latter, mitochondrial and membrane proteins plus other proteins of known
cytoplasmic localisation). The random forest designer then set up a series of
decision trees where each branch point is a classifier (chosen at random from the
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list) for which a threshold value was defined from the training set. If the value for a
test protein exceeds the threshold value (a “true” chromosomal protein), then the
protein goes one way at the branch. If the value is less than the threshold value, then
the protein goes the other way. After a given number of branches (defined by the
training set), the protein ends up assigned as either chromosomal or
non-chromosomal. Each protein is run through many randomly generated decision
trees (the forest), and in the end, the majority “vote” of the trees decides whether the
protein is classified as chromosomal or cytoplasmic.

This analysis was extremely powerful, and could separate essentially all known
chromosomal proteins from all known cytoplasmic proteins. Of the training sam-
ples, only two cytoplasmic proteins were classified as chromosomal and only one
chromosomal protein was classified as cytoplasmic. Overall, the analysis identified
1331 hitchhikers and contaminants and classified the unknowns into cytoplasmic
and chromosomal proteins.

To test the random forest, 50 uncharacterised proteins were tagged with GFP and
tested their localisation in U2OS cells. Of these 18 were found to be cytoplasmic,
12 localised generally with chromosomes, 7 localised to the chromosome periphery
and 13 localised to centromeres in at least a subpopulation of the cells. Importantly,
of 16 proteins predicted to be cytoplasmic by random forest analysis, 14 were
indeed cytoplasmic. Of 34 proteins predicted to be chromosomal, only 4
GFP-tagged proteins were cytoplasmic. Of the remaining 511 uncharacterised
proteins, this analysis predicted that 224 were likely to be chromosomal and 287 to
be cytoplasmic, suggesting by analogy that overall 90 chromosomal, 46 periphery
and 97 centromere-associated proteins remained to be discovered.

Importantly, with the exception of Ska3 (which had not previously been
described at the time this work was done), none of the other novel
centromere-associated proteins turned out to be structural components of the cen-
tromere (Ohta et al. 2010a, b). Most were associated more generally with chro-
matin, and 5 of the 13 new centromere localising proteins were predicted to be
subunits of complexes that bind to and/or modify histones. Thus, this analysis
strongly suggested that all structural components of kinetochores have been iden-
tified, but many more modifiers of centromeric chromatin remain to be described.

7 Use of Mass Spectrometry to Study Kinetochore Protein
Complexes

In addition to being used for protein discovery, mass spectrometry can also be used
to identify members of protein complexes and to map the interactions between
them. Protein complexes are readily identified in the MCCP approach. In the dif-
ferent classifiers, their multiple members tend to behave in tandem (Ohta et al.
2010a, c; Kustatscher et al. 2016). For example, depletion of SMC2 causes an equal
depletion of all five members of the condensin complex from mitotic chromosomes
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(Ohta et al. 2010a, 2016). In a follow-up methodological study, it was shown that
far from being limited to use with “big data”, so-called “nano” random forests could
also be used in a targeted analysis, training with small data sets to follow the
behaviour of protein complexes and to identify proteins that associate with those
protein complexes (Ohta et al. 2016; Montaño-Gutierrez et al. 2017).

The composition of kinetochore protein complexes was explored extensively in
an analysis of whole chromosome proteomes in nine mutants of kinetochore
structure proteins plus two mutants of factors required for CENP-A assembly
(Samejima et al. 2015). This analysis used profile plots prepared using the software
Perseus (Tyanova et al. 2016) as well as Pearson correlation analysis to look at
coordinated behaviour of all known kinetochore proteins. Known complexes such
as CENP-H/CENP-I/CENP-K/CENP-M and CENP-O/CENP-P/CENP-Q/CENP-
R/CENP-U were readily detected and shown to be distinct by this analysis, but so
was an apparent complex—yet to be described structurally—between
CENP-N/CENP-L/CENP-_T/CENP-W (Figs. 4 and 5). The use of correlation
analysis also allowed a more subtle analysis, suggesting that only a subpopulation
of the chromosome-associated Ndc80 complex is part of the KMN network
(Fig. 5). Some of this complex may interact with CENP-N/CENP-L/CENP-T/
CENP-W without requiring the Mis12 complex. Furthermore, two populations of
CENP-N/CENP-L/CENP-T/CENP-W complex were suggested. Ndc80 complex
and RZZ complex/CENP-E/Mad1 cohort appeared to be alternative partners to
extend the CENP-N/CENP-L/CENP-T/CENP-W core complex. Ndc80
complex/Ska2/CENP-N/CENP-L/CENP-T/CENP-W and RZZ/CENP-E/Mad1//
CENP-N/CENP-L/CENP-T/CENP-W may represent microtubule-binding and
unattached kinetochores, respectively. Such predictions can be tested by functional
studies in cells (Gascoigne et al. 2011; Schleiffer et al. 2012; Nishino et al. 2013)
and also by studies in which mass spectrometry is used to probe kinetochore
ultrastructure (see below).

Protein complexes present in mitotic chromosomes were revealed by correlation
analysis of the mass spectrometry data (Fig. 6). Protein cohorts emerged by
selecting pairs of proteins with correlation coefficients above a certain threshold
value. More than 30 centromere/kinetochore proteins comprised a single network.
These included members of the Mis12, Ndc80, RZZ, Ska and CCAN
(CENP-H/CENP-I/CENP-K/CENP-M/CENP-N/CENP-L/CENP-T) complexes.
However, CENP-A, CENP-C and CENP-O/CENP-P/CENP-Q/CENP-U/CENP-R
were not included in this kinetochore network. Members of the well-characterised
complexes were connected within each subcomplex. However, not every protein in
the entire network was directly connected to each other, suggesting a mosaic
organisation of the kinetochore.

Inter-subunit interactions were more visible if correlation pairs were filtered at
less stringent thresholds. As the stringency was decreased, many solitary networks
became connected, culminating in two major networks of chromosome-associated
proteins, plus several minor isolated networks. One major network was composed
of chromosomal protein complexes. The other contained largely ribosomal proteins
and those involved in RNA metabolism. CENP-O, CENP-P, CENP-Q, CENP-R
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and CENP-U were not included in the kinetochore network at a stringent threshold,
instead constituting a solitary network. At a lower threshold, the OPQRU complex
was linked to the larger network of chromosome proteins via plk1. Plk1 phos-
phorylates CENP-U and CENP-Q and regulates their association with chromo-
somes (Kang et al. 2011).

8 Use of CLMS Mass Spectrometry to Study
the Ultra-structure of Kinetochore Protein Complexes

Chemical crosslinking coupled with mass spectrometry (CLMS/XL-MS) can be
used to study protein structures and organisation in macromolecular complexes
(Fischer et al. 2013; Chen et al. 2016; Leitner et al. 2016). When two residues are
crosslinked, the demonstration that they are in close proximity is useful for
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Fig. 4 Profile plot showing log2(SILAC ratios) of all proteins (grey lines) in a series of
experiments analysing the total protein composition of chromosomes isolated from a series of cell
lines mutant for various kinetochore proteins. The interquartile (IQR) population for all proteins
detected in each experiment is contained in the box. Whiskers extend to 1.5 times IQR away from
the edge of the box. A datapoint beyond a wisker is considered as a significant change, and the one
within a box is a negligible change. The y-axis is oriented so that proteins that decrease in mutant
chromosomes are plotted downwards and those that increase are plotted upwards. The behaviour
of CENP-H/CENP-I/CENP-K, is shown in red; CENP-N/CENP-L/CENP-T (green); and
CENP-O/CENP-P/CENP-Q/CENP-R/CENP-U (blue). The mutant cell lines used for isolation of
chromosomes are designated in abbreviated form across the bottom of the profile plot. wt wild
type; m18 Mis18alpha; HJ HJURP
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understanding protein structure or protein–protein interactions. Such residues in
close physical proximity may occur at distant positions in primary sequence or even
in different proteins (Maiolica et al. 2007). This can be particularly useful for
protein complexes that do not yield readily to crystallographic approaches because
of regions of peptide flexibility such as coiled coils (Barysz et al. 2015; Pekgoz
Altunkaya et al. 2016). In a pioneering study, CLMS was used to determine the
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pattern of protein contacts within the Ndc80 complex (Maiolica et al. 2007; Ciferri
et al. 2008). Pairs of residues in proximity were identified by crosslinked peptides
and the arrays of the cross links revealed the orientation of coiled coils. This
allowed the design of a shortened “bonsai” complex that could link kinetochores to
microtubules, but was amenable to crystallographic analysis.

Subsequent studies have looked at protein interactions within the CCAN and
between kinetochores and microtubules. Mapping of proximity relationships in the
CENP-H/CENP-I/CENP-K/CENP-M subcomplex revealed close proximity
between CENP-H and CENP-K but no crosslinks were observed with CENP-I,
which was found instead to crosslink with CENP-M (Basilico et al. 2014).
A second study revealed that CENP-H and CENP-K contacted CENP-C (Klare
et al. 2015). Indeed, these and other studies have suggested that CENP-C makes
extensive contacts with a number of inner and outer kinetochore proteins (Weir
et al. 2016).

In the budding yeast kinetochore, CENP-TCnn1 was crosslinked to
CENP-HMcm16, CENP-ICtf3 and CENP-KMcm22 (Pekgoz Altunkaya et al. 2016).
This led to the proposal that CENP-ICtf3 embraces and stabilises the Ndc80 binding
domain of CENP-TCnn1. Indeed, extensive crosslinks were also observed between
CENP-TCnn1 and Ndc80. In other studies, CLMS was used to examine protein
interactions between the inner and outer kinetochore. These studies suggested that
CENP-UAme1 may link the Mis12 complex to the inner kinetochore (Hornung et al.
2014). This is quite different from the situation in metazoans, where CENP-C forms
the link between the inner kinetochore and the Mis12 complex (Przewloka et al.
2011; Screpanti et al. 2011).

CLMS technology is now beginning to be much more widely applied. For
example, it was used to examine the interaction between proteins of the Ska
complex and microtubules (Abad et al. 2014). This analysis revealed that the Ska
and Ndc80 complexes contact different faces of the tubulin dimer. Another study
looked at the interactions of the SKAP:astrin heterodimer with spindle micro-
tubules. CLMS was used to identify and map a microtubule-binding domain in
SKAP, which was found to interact with both alpha- and beta tubulins (Friese et al.
2016).

9 Future Prospects

We now probably know the identity of all major structural proteins of the kine-
tochore, but it is clear that many chromatin modifiers and other auxiliary factors
remain to be described. Furthermore, the recognition that kinetochores are tran-
scribed during mitosis (Chan et al. 2012), and the realisation that this transcription
may prevent pericentric heterochromatin from invading the kinetochore chromatin
(Molina et al. 2016) point to an increasing complexity of kinetochore models in
years to come. Together with increased understanding of the biology, improve-
ments in the instrumentation and associated software mean that shotgun approaches
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in the future may allow truly comprehensive and quantitative lists of kinetochore
components to be made. Challenges for the future include analysis of changes in
bulk kinetochore protein composition at different phases of mitosis, comprehensive
identification of the posttranslational modifications of all kinetochore proteins and
determination of their functional consequences, and continued development of
CLMS to allow the preparation of near-atomic maps of kinetochore protein struc-
tures and interactions.
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Critical Foundation of the Kinetochore:
The Constitutive Centromere-Associated
Network (CCAN)

Masatoshi Hara and Tatsuo Fukagawa

Abstract The kinetochore is a large protein complex, which is assembled at the
centromere of a chromosome to ensure faithful chromosome segregation during
M-phase. The centromere in most eukaryotes is epigenetically specified by DNA
sequence-independent mechanisms. The constitutive centromere-associated net-
work (CCAN) is a subcomplex in the kinetochore that localizes to the centromere
throughout the cell cycle. The CCAN has interfaces bound to the centromeric
chromatin and the spindle microtubule-binding complex; therefore, it functions as a
foundation of kinetochore formation. Here, we summarize recent progress in our
understanding of the structure and organization of the CCAN. We also discuss an
additional role of the CCAN in the maintenance of centromere position and
dynamic reorganization of the CCAN.

1 Introduction

One of the distinguishing features of living organisms is self-replication. To
maintain the continuity of life, genetic materials have to be faithfully inherited by
successive generations. In the early 1900s, Walter Sutton and Theodor Boveri
independently suggested that chromosomes carry genetic materials, using insect
germ cells and echinoderm embryos, respectively (Sutton 1902, 1903; Boveri
1904). Their “chromosome theory” explained the mechanism underlying Mendel’s
laws that were rediscovered at the same time (de Vries 1900; Tschermak 1900;
Correns 1900; Birchler 2015). Thereafter, the chromosome theory was experi-
mentally verified by Thomas Morgan Hunt based on fly genetics (Morgan 1915).
These findings led to the next important question: how were the chromosomes
correctly segregated into daughter cells? A clue to answering this question was
described by Walter Flemming decades before the theory was established
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(Flemming 1882). He found primary constrictions on chromosomes, where the
mitotic spindle attached to deliver these chromosomes into daughter cells
(Flemming 1882).

In 1936, Cyril Darlington defined the term “centromere” (Darlington 1936).
Centromeres are now known as regions on chromosomes where a macro proteina-
ceous complex, called the kinetochore, is assembled to connect centromeres with
spindle microtubules during mitosis (Cheeseman and Desai 2008; McKinley and
Cheeseman 2016; Pesenti et al. 2016; Nagpal and Fukagawa 2016). The kinetochore
also contributes to correct chromosome segregation by producing a signal upon
incorrect attachment of kinetochores with microtubules (Foley and Kapoor 2013;
London and Biggins 2014; Stukenberg and Burke 2015; Musacchio 2015).

The kinetochore in vertebrates is made-up of more than 100 proteins (Tipton
et al. 2012). These proteins are divided into sub-protein complexes. The constitu-
tive centromere-associated network (CCAN) is one of the major subcomplexes in
the kinetochore (Cheeseman and Desai 2008; Perpelescu and Fukagawa 2011;
Takeuchi and Fukagawa 2012). The CCAN proteins constitutively localize to the
centromeres throughout the cell cycle and form a foundation for kinetochore
assembly. Another major subcomplex is the KMN (the KNL1, the Ndc80 and the
Mis12 complexes) network, which is recruited to the CCAN during M-phase
(Cheeseman et al. 2006; Cheeseman and Desai 2008; Varma and Salmon 2012;
Foley and Kapoor 2013; Nagpal et al. 2015). The CCAN is associated with cen-
tromere chromatin and the KMN network binds directly to the spindle microtubule;
therefore, the kinetochore effectively mediates the interaction between the chro-
mosomes and the microtubules.

The centromere is specified at a particular position on a chromosome in many
species and the kinetochore is formed within the centromeric region. In this chapter,
we introduce centromere specification and then describe and discuss the CCAN
structure and function and its dynamic regulations for kinetochore assembly.

2 Centromere

2.1 Centromere Organization

The centromere is a genome region, where the kinetochore is assembled (Fig. 1a).
Although the centromere is crucial for faithful chromosome segregation, genome
organization of centromeres is diverse among various species. The budding yeast,
Saccharomyces cerevisiae, has simple and small centromeres, which are defined by
a 125-basepair-specific DNA sequence in each chromosome (Fig. 1b) (Hegemann
and Fleig 1993; Pluta et al. 1995; Clarke 1998). The short budding yeast centromere
DNA is sufficient to assemble the kinetochore for efficient chromosome segregation
(Hegemann and Fleig 1993). The sequence-dependent centromere in the budding
yeast is known as a point centromere, which is bound to a single microtubule
through the kinetochore (Pluta et al. 1995).
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In contrast to the budding yeast, the majority of other organisms, with the
exception of Caenorhabditis elegans and some insects that have holocentromeres,
have a regional centromere, which spans a much larger chromosomal region
(several kilobasepairs to megabasepairs) (Fukagawa and Earnshaw 2014a; Kursel
and Malik 2016). The regional centromeres typically have repetitive DNA
sequences and are bound to multiple microtubules (Fukagawa and Earnshaw 2014a;
Kursel and Malik 2016). Human centromeres span hundreds of kilobasepairs to
several megabasepairs and consist of arrays of alpha-satellite DNA repeats (Fig. 1b)
(Aldrup-Macdonald and Sullivan 2014). The biological significance of the repeti-
tive DNA for centromere function is controversial. Human artificial chromosomes
(HACs), which have the alpha-satellite DNA repeats from human centromeres, are
efficiently generated and stably maintained in human cells (Harrington et al. 1997;
Ikeno et al. 1998). Although the alpha-satellite repeats promote the functional
kinetochore assembly in the experimental condition of the HAC formation (Ohzeki
et al. 2002), observations in several species suggest that the repetitive sequences are
not always necessary to specify centromere regions on chromosomes. Species in
which this was observed include horse (Wade et al. 2009; Piras et al. 2010), chicken
(Shang et al. 2010), and orangutan (Locke et al. 2011).

Centromere

Chromosome

Kinetochore

Microtubule

CDE
I II III

125 bp

Chromosome

Chromosome
Repetitive sequences

~ Mbp

CAH3

CA

H3

H3

H3 H3H3 H3H3H3H3 H3H3 H3 H3

Histone H3 nucleosome

CENP-A nucleosome

CA H3 H3 H3 H3H3 CACA CA

Point Centromere

Regional Centromere

(a) (b)

Fig. 1 Centromere structure and organization. a A schematic representation of vertebrate
chromosome. The centromere is a specific genomic region where the kinetochore is assembled to
establish a microtubule-binding interface for faithful chromosome segregation. The centromeres
are found on sites where constriction is formed in chromosomes during mitosis. b The point
centromere in budding yeast, Saccharomyces cerevisiae (top). It is specified by a 125-bp sequence,
which contains centromere DNA elements (CDE) I, II, and III. The short DNA motif is occupied
with a nucleosome, which contains a centromere-specific histone H3 variant, CENP-A (Ces4 in
Saccharomyces cerevisiae). Bottom shows the regional centromere. It stretches over large regions
that comprise repetitive sequences in most species (e.g., alpha-satellite repeats DNA in human).
Although the repetitive sequences facilitate centromere formation, the position of a regional
centromere is specified by the CENP-A nucleosome, which is an epigenetic marker of the
centromere
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A neocentromere is a newly formed centromere within a non-centromeric locus
on a chromosome (Fig. 2) (Marshall et al. 2008; Fukagawa and Earnshaw 2014b).
The first human neocentromere, which lacks the alpha-satellite repeats, was dis-
covered in 1993 (Voullaire et al. 1993). Since then, over 90 cases of human neo-
centromeres have been reported (Marshall et al. 2008). Discovery of these
neocentromeres supports the idea that repetitive sequences are not essential for
centromere specification. Neocentromeres can be formed naturally on various DNA
sequences on chromosomes upon disruption or inactivation of a native centromere.
The neocentromere formation process was experimentally reproduced using genetic
engineering to remove native centromeres in fungi and chicken DT40 cells (Fig. 3a)
(Ishii et al. 2008; Ketel et al. 2009; Shang et al. 2013). Based on these observations,
the locus for the regional centromeres does not seem to be specified with genetic
marks, such as particular DNA sequences. This suggests that epigenetic marks play
a key role in centromere specification.

2.2 CENP-A Is a Critical Epigenetic Mark
for Centromere Specification

The insight of centromere specification in the regional centromere was derived from
the discovery of centromere proteins. Centromere protein (CENP)-A was originally

CA

CA

CA CA

CA

Neocentromere

Neocentromere
formation

Inactivated centromere

Chromosome Kinetochore

CENP-A nucleosome

Microtubule

Repetitive centromere

Neocentromere

Fig. 2 CENP-A exists in active centromeres. A neocentromere is a newly formed centromere at
non-centromeric region, when the native centromere is inactivated or disrupted. The repetitive
sequence is not necessary for the neocentromere formation, indicating that the regional centromere
is specified by sequence-independent epigenetic mechanisms. CENP-A is found in active
neocentromeres, but not in inactive centromeres, which contain the repetitive DNA sequences, in
dicentric chromosomes
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identified as an antigen for anti-centromere autoimmune sera from patients
with CREST syndrome (Earnshaw and Rothfield 1985). CENP-A is a
centromere-specific histone H3 variant that forms a nucleosome, replacing the
canonical histone H3 (Fig. 1b) (Palmer et al. 1987; Yoda et al. 2000). CENP-A
orthologs are found in most eukaryotes, including the budding yeast, which have
the point centromere (Stoler et al. 1995; Buchwitz et al. 1999; Takahashi et al.
2000; Blower and Karpen 2001; Talbert et al. 2002). CENP-A null mice exhibit
early embryonic lethality (Howman et al. 2000) and inactivation or depletion of
CENP-A in most organisms causes chromosome mis-segregation during M-phase
(Stoler et al. 1995; Howman et al. 2000; Takahashi et al. 2000; Oegema et al. 2001;
Blower and Karpen 2001; Goshima et al. 2003; Regnier et al. 2005), indicating that
CENP-A is an essential gene for faithful chromosome segregation.

CENP-A is only localized onto the active centromere in human dicentric chro-
mosomes. Dicentric chromosomes have two centromeres on a chromosome—one is
an active centromere and the other is inactive (Fig. 2) (Earnshaw and Rothfield
1985). CENP-A never localizes on the inactive centromere, regardless of the
presence of the repetitive alpha-satellite DNA (Fig. 2) (Warburton et al. 1997).
These observations lead to the idea that CENP-A is an epigenetic mark for speci-
fication of active centromeres.
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CA CENP-A nucleosome
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Fig. 3 The experimental systems to generate neocentromeres artificially. Because efficiency of
natural neocentromere formation is very low, the experimental systems, which generate
neocentromeres artificially, help to understand mechanisms of neocentromere formation. a The
inducible centromere removal system by which the native centromere flanked with loxP sequences
are excised by Cre recombinase and neocentromeres are formed on non-centromere loci. The
system is applied to fungi and chicken DT40 cells. b Neocentromeres are also induced by ectopic
CENP-A nucleosome deposition on non-centromeric region. Artificial tethering of CENP-A
chaperones (HJURP in vertebrate and CAL1 in Drosophila) using lacO/LacI system deposits the
CENP-A nucleosomes on a non-centromere locus. Kinetochore proteins are recruited to
the ectopic site to form a functional kinetochore. The artificial kinetochore is functional, because
the artificial kinetochore is replaceable in the native centromere (see also Fig. 5a)
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The idea that centromeres are specified epigenetically but not genetically is
further supported by artificial kinetochore assembly on chromosome arms using a
lacO/LacI system in which LacI-fused centromere proteins are tethered on a lacO
array on non-centrometric region in a chromosome arm (Fig. 3b). Targeting the
CENP-A-specific chaperones, HJURP and CAL1 in vertebrates and Drosophila
melanogaster respectively, to their non-centromeric region induces CENP-A
deposition and kinetochore assembly on the targeting sites (Fig. 3b) (Barnhart et al.
2011; Hori et al. 2013; Chen et al. 2014). Once the artificial CENP-A chromatin is
established, the CENP-A and kinetochore proteins are maintained without the
LacI-fused CENP-A chaperone (Fig. 3b) (Barnhart et al. 2011; Hori et al. 2013;
Chen et al. 2014). The artificially CENP-A-deposited chromatin forms a functional
active centromere, because the induced artificial kinetochore can be replaced with
an endogenous centromere in chicken DT40 cells (Hori et al. 2013). These tethering
experiments (Fig. 3b), combined with the centromere removal experiments
(Fig. 3a) provide evidence that CENP-A is an epigenetic mark for centromere
specification independent of DNA sequence. Similarly, ectopic Drosophila
CENP-A, CID, localization to non-centromeric region via overexpression or using
the lacO/LacI system induces centromeres with the CENP-A nucleosomes (Heun
et al. 2006; Mendiburo et al. 2011).

In human cells, LacI-fused CENP-A array on the lacO repeat is likely to induce
nucleosomes with the LacI-fused CENP-A into the tethered sites. However, it is
inefficient, possibly as a result of an indirect consequence of recruitment of HJURP
or other kinetochore proteins onto the high-density LacI-CENP-A array. In fact,
overexpression of CENP-A results in CENP-A misincorporation into
non-centromere chromosome loci, but does not cause ectopic centromere formation
in human cells (Van Hooser et al. 2001; Gascoigne et al. 2011). This suggests that
additional regulation may be involved in the formation of active centromeres in
CENP-A-incorporated chromatin. Indeed, we recently demonstrated that histone H4
Lys20 is mono-methylated specifically in the CENP-A nucleosome in the cen-
tromeric region and that this methylation is essential for kinetochore assembly (Hori
et al. 2014). It is possible that additional modifications occur in CENP-A-containing
chromatin (Blower et al. 2002; Sullivan and Karpen 2004; Bergmann et al. 2011;
Bailey et al. 2016; Shang et al. 2016), and that the combination of such modifi-
cations would function as additional epigenetic marks for centromere specification
and kinetochore assembly.

3 CCAN Organization

Once a centromere is specified by CENP-A, additional proteins are assembled on a
centromere region to form a functional kinetochore. Extensive genetic and bio-
chemical approaches have identified kinetochore proteins in vertebrate cells.
Among them, CCAN proteins are constitutively localized to centromeres
throughout the cell cycle (Cheeseman and Desai 2008; Perpelescu and Fukagawa
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2011; Nagpal and Fukagawa 2016). The CCAN is composed of at least 16 proteins
in vertebrates (CENP-C, -H, -I, -K, -L, -M, -N, -O, -P, -Q, -R, -S, -T, -U, -W, -X).
These proteins make subfunctional complexes, which interact together to form the
entire CCAN assembly (Nagpal and Fukagawa 2016). Since the CCAN is bound to
the CENP-A chromatin and the KMN network is bound to the spindle microtubules
(Pesenti et al. 2016; Nagpal and Fukagawa 2016), the CCAN forms a base of the
kinetochore to link between the centromere and microtubules.

3.1 CCAN Subcomplexes

3.1.1 CENP-C

Like CENP-A, CENP-C was originally identified as an antigen for the autoimmune
sera from patients with CREST syndrome (Earnshaw and Rothfield 1985). Using
electron microscopy, CENP-C was the first protein found to localize in the inner
kinetochore (Saitoh et al. 1992). CENP-C homologs are found in most organisms,
including the budding yeast, and their depletion causes chromosome misalignment
(Saitoh et al. 1992; Brown et al. 1993; Tomkiel et al. 1994; Brown 1995; Meluh
and Koshland 1995; Fukagawa and Brown 1997; Fukagawa et al. 1999; Moore and
Roth 2001; Holland et al. 2005; Heeger et al. 2005). Although entire sequence
homology between yeast and vertebrate CENP-Cs is not high, several domains,
which are predicted to be functionally important domains, are highly conserved
(Brown 1995; Meluh and Koshland 1995; Fukagawa and Brown 1997; Moore and
Roth 2001; Holland et al. 2005; Heeger et al. 2005; Milks et al. 2009; Carroll et al.
2010; Przewloka et al. 2011; Screpanti et al. 2011; Kato et al. 2013; Klare et al.
2015; Nagpal et al. 2015). The N-terminal region of CENP-C is one such conserved
domain. It binds to the Mis12 complex, which is a member of the KMN network
(see Fig. 5) (Przewloka et al. 2011; Screpanti et al. 2011). Ectopic targeting of the
CENP-C N-terminus, including the Mis12 complex-binding domain into a
non-centromere locus, induces formation of the functional kinetochore, which does
not contain other CCAN proteins (see Fig. 5b, c) (Hori et al. 2013). The KMN
network directly binds to microtubules (Cheeseman and Desai 2008); therefore,
CENP-C connects with microtubules through association with the KMN network.
The central domain and the C-terminal region of CENP-C, which are also con-
served, have been shown to associate with the CENP-A nucleosomes (see Fig. 5)
(Carroll et al. 2010; Kato et al. 2013; Falk et al. 2015, 2016). This interaction
reshapes the CENP-A nucleosome structure and results in stabilization within the
centromere (Falk et al. 2015, 2016). These conserved domains make CENP-C an
important bridge molecule between the centromeric chromatin and the micro-
tubules. Another functional domain, which is also conserved among vertebrates, is
found in the middle region (also known as PEST rich domain) of CENP-C
(Klare et al. 2015; Nagpal et al. 2015). This domain is critical for interaction
with other CCAN proteins such as CENP-H and CENP-L/N (Klare et al. 2015;
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Nagpal et al. 2015; McKinley et al. 2015). CENP-C is required for localization of
other CCAN members into the centromere in human cells (Klare et al. 2015;
McKinley et al. 2015). This leads to the idea that CENP-C is a blueprint for
kinetochore assembly (Klare et al. 2015). However, CENP-C does not simply stand
at the hierarchical top for kinetochore assembly in chicken DT40 cells, because
CENP-C depletion does not result in the complete loss of other CCAN proteins
(Fukagawa et al. 2001; Kwon et al. 2007; Hori et al. 2008a). In addition, our data
suggest that interaction between CENP-C and CENP-H and the CENP-L/N is not a
simple linear pathway (Fukagawa et al. 2001; Kwon et al. 2007; Nagpal et al.
2015); rather, this appears to be a complex and dynamic process (see Sect. 4). This
idea is also supported by a recent study in human cells (McKinley et al. 2015).
Therefore, although CENP-C plays a central role in CCAN organization, we believe
that CCAN is formed through a complex process (Fig. 4).

3.1.2 CENP-H/I/K/M

CENP-H has been identified as a coiled-coil protein, which has been shown to
constitutively localize to the centromere in mouse cells (Sugata et al. 1999) and
thereafter human and chicken homologs were identified (Sugata et al. 2000;
Fukagawa et al. 2001). CENP-I was cloned from chicken cells using a homologous
region of fission yeast centromere protein Mis6 (Saitoh et al. 1997), and the
interaction between CENP-H and CENP-I was shown by a two-hybrid assay
(Nishihashi et al. 2002).

We performed immunoprecipitation experiments with CENP-H and CENP-I to
identify additional centromere-associated proteins and found CENP-K and -M in
chicken and human cells (Okada et al. 2006). CENP-H, -I, -K, and -M were also
identified as CENP-A chromatin-associated proteins in human cells (Obuse et al.
2004; Foltz et al. 2006). CENP-M is proposed to be a pseudo GTPase, based on
crystal structure analysis (Basilico et al. 2014), but its detailed function in cen-
tromeres remains unknown.
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CENP-
H/I/K/M

CENP-
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CENP-
O/P/Q/R/U

?

?

Fig. 4 An interaction map
among the CCAN
subcomplexes in vertebrates.
The arrows indicate
dependency for centromere
localization among the CCAN
subcomplexes in vertebrate
cells
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Biochemical and functional experiments suggest that CENP-H, -I, -K and -M
form a complex, which is essential for chromosomal alignment and segregation, as
well as cell viability (Nishihashi et al. 2002; Foltz et al. 2006; Okada et al. 2006;
Izuta et al. 2006; Basilico et al. 2014). Depletion of each factor disrupts the cen-
tromere localization of other factors in the complex, suggesting that their local-
ization is interdependent (Nishihashi et al. 2002; Foltz et al. 2006; Okada et al.
2006; Izuta et al. 2006; Basilico et al. 2014; McKinley et al. 2015). Consistent with
this observation, these proteins interact together to form a complex in vivo, which
can be reconstituted with recombinant proteins (Nishihashi et al. 2002; Foltz et al.
2006; Okada et al. 2006; Izuta et al. 2006; Basilico et al. 2014; McKinley et al.
2015). The CENP-H/I/K/M complex interacts with other subcomplexes of the
CCAN (Basilico et al. 2014; McKinley et al. 2015; Weir et al. 2016); therefore, one
of its functions could be maintenance of CCAN integrity (Fig. 4).

3.1.3 CENP-L/N

CENP-L and -N were also identified as interacting proteins of CENP-H and -I in
chicken cells (Okada et al. 2006) and as CENP-A chromatin-associated proteins in
human cells (Obuse et al. 2004; Foltz et al. 2006). Depletion of these proteins
results in chromosome misalignment (Foltz et al. 2006; Okada et al. 2006; Izuta
et al. 2006; McClelland et al. 2007). The CENP-N N-terminus directly binds to the
CENP-A nucleosome (Carroll et al. 2009; McKinley et al. 2015). CENP-L forms a
heterodimer with CENP-N through association with the C-terminus of CENP-N
(Carroll et al. 2009; Nagpal et al. 2015) and the recombinant CENP-L/N dimer
interacts with the CENP-H/I/K/M subcomplex in vitro (McKinley et al. 2015; Weir
et al. 2016). The CENP-N needs to interact with other CCAN members to be
localized to the centromere in vivo, despite its direct interaction with the CENP-A
nucleosomes in vitro (Carroll et al. 2009).

3.1.4 CENP-O/P/Q/R/U

Extensive proteomic analysis identified additional CCANmembers. The members of
the CENP-O/P/Q/R/U subcomplex were co-purified with CENP-H and -I or the
CENP-A chromatin (Obuse et al. 2004; Foltz et al. 2006; Okada et al. 2006). CENP-U
was originally identified as a constitutive centromere protein called CENP-50
(Minoshima et al. 2005). In contrast to other CCAN subcomplexes, the members of
the CENP-O/P/Q/R/U are not essential for cell viability in chicken DT40 cells,
although disruption of the members (except for CENP-R) causes cell cycle delay and
deficiency in recovery from spindle damages (Hori et al. 2008b). CENP-R appears to
be downstream of othermembers, because centromere localization of those proteins is
independent of CENP-R (Hori et al. 2008b). Nonetheless, in vitro biochemical
experiments clearly show that these five proteins form a complex (Hori et al. 2008b;
McKinley et al. 2015). The members of this subcomplex (except for CENP-R) are
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conserved as the COMA (Ctf19-Okp1-Mcm21-Ame1) complex in the budding yeast
(De Wulf et al. 2003). In contrast to the vertebrate cells, the COMA complex is
essential in the budding yeast (De Wulf et al. 2003).

Depletion of the members of the CENP-O/P/Q/R/U does not dramatically
change the centromere localization of other CCAN proteins in vertebrate cells, as
those cells are viable; however, some proteins are subtly reduced in cells with
depletion of the CENP-O/P/Q/R/U complex (Hori et al. 2008b). In contrast, cen-
tromere localization of CENP-O/P/Q/R/U is completely abolished in CENP-H- or
CENP-I-knockout cells, indicating that centromere recruitment of the
CENP-O/P/Q/R/U depends on CENP-H and -I (Okada et al. 2006; Izuta et al. 2006;
Hori et al. 2008b). Although it has been shown that CENP-Q and -U directly
interact with microtubules (Amaro et al. 2010; Hua et al. 2011), the significance of
this interaction and the functional role of the subcomplex for kinetochore assembly
is largely unknown.

3.1.5 CENP-T/S/W/X

CENP-T was originally identified as a protein that interacts with CENP-A chro-
matin, whereas CENP-S was found as a CENP-M- and -U- associated protein (Foltz
et al. 2006; Izuta et al. 2006). Subsequent immunopurification of CENP-T and -S
identified CENP-W and -X as their binding proteins, respectively (Hori et al. 2008a;
Amano et al. 2009). Although CENP-S and -X constitutively localize to cen-
tromeres throughout the cell cycle (Amano et al. 2009), they also interact with
Fanconi Anemia M, which is involved in the response to and repair of DNA
damage (Singh et al. 2010; Yan et al. 2010). CENP-T, -W, -S and -X have a histone
fold domain (HFD) (Hori et al. 2008a; Nishino et al. 2012), which distinguishes
them from other CCAN members. Biochemical and structural analysis revealed that
CENP-T and -W form a heterodimer by binding with their HFD (Nishino et al.
2012). The CENP-T/W heterodimer has DNA-binding activity, which requires their
HFDs in vitro (Nishino et al. 2012; Takeuchi et al. 2014). This DNA-binding ability
is essential for the CENP-T/W to localize to the centromere (Nishino et al. 2012;
Takeuchi et al. 2014).

CENP-S and -X form a heterotetramer (Nishino et al. 2012). Strikingly, when
CENP-T/W heterodimer and CENP-S/X heterotetramer are mixed, a dimer part of
CENP-S/X is replaced with the CENP-T/W heterodimer to form the
CENP-T/W/S/X heterotetramer, which has a nucleosome-like structure (Nishino
et al. 2012). The nucleosome-like complex binds to 80–100 bp of DNA and
introduces positive supercoils into DNA in vitro, whereas canonical histone
nucleosome induces negative supercoils (Takeuchi et al. 2014). These data suggest
that the DNA-binding of the CENP-T/W/S/X complex might contribute to a distinct
feature of centromeric chromatin. Centromere localization of the CENP-T/W
depends on the CENP-H/I/K/M subcomplex proteins in human cells (Basilico et al.
2014; McKinley et al. 2015), although CENP-T/W is localized in CENP-H-
depleted chicken DT40 cells despite a reduction in their levels (Hori et al. 2008a).
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These findings suggest that the CENP-H/I/K/M is likely to support centromere
localization of the CENP-T/W/S/X subcomplex in addition to its direct
DNA-binding activity.

Although the CENP-T/W and the CENP-S/X form the complex, the CENP-T/W
is essential for cell viability, whereas the CENP-S/X is not (Hori et al. 2008a;
Amano et al. 2009; Nishino et al. 2012). CENP-S- or -X-deficient cells show mild
mitotic defects as observed in knockout cells for CENP-O complex proteins
(Amano et al. 2009). This suggests that, although the CENP-T/W can be recruited
onto the centromere without the CENP-S/X to form a scaffold in the kinetochore,
the CENP-S/X is required for proper kinetochore formation and to support proper
mitotic progression (Amano et al. 2009).

CENP-W, -S, and -X are small proteins (*100 aa) and entire regions of these
proteins make up the HFD. In contrast, CENP-T has the HFD in its C-terminus, but
contains a long N-terminal region (*500 aa). Interestingly, the CENP-T N-terminus
directly binds to the Ndc80 complex, which is a key microtubule-binding complex,
through phosphorylation of CENP-T (see Fig. 5) (Gascoigne et al. 2011; Nishino
et al. 2013; Rago et al. 2015). Since CENP-T associates with centromeric DNA and
the Ndc80 complex, which binds to the microtubules, in its C- and N-termini,
respectively, CENP-T would function as a bridge between chromatin and micro-
tubules (Gascoigne et al. 2011; Nishino et al. 2012, 2013; Rago et al. 2015). Recent
studies showed that the budding yeast CENP-T homolog Cnn1 has similar functions
(Bock et al. 2012; Schleiffer et al. 2012).

As discussed below, ectopic localization of the CENP-T N-terminus into a
non-centromere locus recruits the Ndc80 complex and induces a functional artificial
kinetochore on the targeting site in chicken DT40 cells (Hori et al. 2013).
Interestingly, other CCAN proteins, including CENP-C, are not detected in the
CENP-T-derived artificial kinetochore (Hori et al. 2013). Considering that the
CENP-C N-terminus, which recruits the Ndc80 complex through interaction with
the Mis12 complex, also establishes a functional kinetochore without other CCAN
proteins on it (Hori et al. 2013), CENP-T would make a pathway to recruit the
Ndc80 complex independently of CENP-C in the CCAN. This implies the existence
of two independent parallel pathways to recruit the Ndc80 complex to kinetochores
(Hori et al. 2013; Nishino et al. 2013; Kim and Yu 2015; Rago et al. 2015).

3.2 CCAN Organization and Functions

3.2.1 CCAN Interaction

The 16 CCAN proteins are assembled on the centromere, where they interact
together in both inter and intra subcomplexes (Fig. 4). The complicated features of
their interaction network and their interdependency for centromere localization was
characterized via extensive knockdown and conditional knockout studies
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(Fukagawa et al. 2001; Foltz et al. 2006; Okada et al. 2006; Izuta et al. 2006; Kwon
et al. 2007; Hori et al. 2008a, b; Amano et al. 2009; Basilico et al. 2014; Klare et al.
2015; McKinley et al. 2015). In addition, biochemical reconstitution of the CCAN
with recombinant proteins complements our understanding of the molecular inter-
action in the CCAN (Nishino et al. 2012, 2013; Basilico et al. 2014; Klare et al.
2015; Nagpal et al. 2015; McKinley et al. 2015; Weir et al. 2016). As described
above, CENP-C is a key factor for the CCAN localization to the centromere,
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Fig. 5 An experimental design for generation of a functional artificial kinetochore. a A schematic
representation of the experimental procedure in chicken DT40 cells. A protein of interest fused
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40 M. Hara and T. Fukagawa



because CENP-C has multiple functional domains (see Fig. 5b) (Milks et al. 2009;
Carroll et al. 2010; Przewloka et al. 2011; Screpanti et al. 2011; Hori et al. 2013;
Kato et al. 2013; Klare et al. 2015; Nagpal et al. 2015), which include the KMN
network-binding, the DNA-binding, and the CENP-A nucleosome binding
domains, as well as domains to interact with other CCAN subunits.

Centromere localization of most CCAN proteins depends on CENP-C in human
cells (Klare et al. 2015; McKinley et al. 2015). CENP-C binds to the
CENP-H/I/K/M and the CENP-L/N through its middle region (Klare et al. 2015;
McKinley et al. 2015; Weir et al. 2016). Although CENP-C is required for cen-
tromeric localization of the CENP-T/W/S/X in human cells (Klare et al. 2015;
McKinley et al. 2015), the interaction is indirect through the CENP-H/I/K/M
sub-complex, because the CENP-T/W/S/X does not directly bind to CENP-C
in vitro (McKinley et al. 2015) and the CENP-T/W requires the CENP-H/I/K/M for
its centromeric localization (Basilico et al. 2014; McKinley et al. 2015). In addition
to playing an important role in CCAN organization, CENP- C binds both the KMN
network and the CENP-A nucleosome; therefore, CENP-C is proposed to be a
central component of the kinetochore assembly (Klare et al. 2015; Weir et al. 2016).

However, when CENP-C was conditionally knocked-out in chicken DT40 cells,
the CENP-H/I/K/M and -T/W/S/X remained on the kinetochores despite a slight
reduction of their levels (Hori et al. 2008a). In addition, dependency of CENP-C
localization on the CENP-H/I/K/M varies between interphase and M-phase in both
human cells and chicken DT40 cells (Fukagawa et al. 2001; Kwon et al. 2007;
Nagpal et al. 2015; McKinley et al. 2015) (see in Sect. 4). This suggests that the
CCAN assembly is not mediated by a simple linear pathway, but rather a com-
plicated meshwork among the subcomplexes with multiple binding interfaces
(Fig. 4).

3.2.2 The CCAN as a Bridge Between Centromere and Microtubule

The kinetochore is assembled on the centromeric chromatin. One of the key
functions of CCAN is generation of a basement to build the kinetochore on the
CENP-A-containing chromatin. CENP-C and -N have been shown to directly
interact with the CENP-A nucleosome (Carroll et al. 2009, 2010; Kato et al. 2013;
Nagpal et al. 2015; McKinley et al. 2015). These bindings to CENP-A nucleosomes
might trigger the formation of CCAN on the centromeric chromatin (Fig. 6).
Although centromeric localization of the CENP-T/W/S/X depends on other CCAN
subunits (Hori et al. 2008a; Basilico et al. 2014; McKinley et al. 2015), it has its
own DNA-binding activity through their HFD, which is essential for its centromere
localization (Hori et al. 2008a; Nishino et al. 2012). Thus, the CENP-T/W/S/X
might recognize a specific structure of centromeric chromatin attributed to the
CENP-A nucleosomes possibly with CENP-C and -N binding (Fig. 6). Once the
CENP-T/W/S/X is targeted into centromeric chromatin, it could contribute to for-
mation of its specific features. Understanding how the CENP-T/W/S/X complex
recognizes the centromere to localize there specifically is an important issue.
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While a recent study suggested that FACT, a histone chaperone, might bring the
CENP–T/W/S/X to the centromere in human cells (Prendergast et al. 2016), further
studies are needed to clarify this issue.

The CCAN also functions as a platform to recruit the KMN network, which is
directly bound to microtubules, onto the kinetochore (Fig. 6) (Cheeseman and
Desai 2008; Przewloka and Glover 2009; Varma and Salmon 2012; Foley and
Kapoor 2013). CENP-C is one of the scaffolds in the CCAN, because it recruits the
Mis12 complex, a subcomplex of the KMN network, onto the CCAN via the
conserved N-terminus of CENP-C (Fig. 6) (Screpanti et al. 2011; Hori et al. 2013;
Kim and Yu 2015; Rago et al. 2015). Direct interaction of the Mis12 complex with
the conserved N-terminus has been demonstrated with biochemical reconstitution
and structural analysis (Przewloka et al. 2011; Screpanti et al. 2011; Petrovic et al.
2016).

CENP-T also provides another scaffold for microtubule-binding (Fig. 6). The
disordered N-terminus of CENP-T directly binds the Ndc80 complex (Gascoigne
et al. 2011; Hori et al. 2013; Nishino et al. 2013; Rago et al. 2015). Structural
studies revealed that phosphorylation on the CENP-T N-terminus by Cdk1 stabi-
lized its binding to the Ndc80 complex (Nishino et al. 2013). When the Ndc80
complex-binding domain in CENP-T is disrupted, Ndc80 recruitment is prevented,

M
ic

ro
tu

bu
le

CentromereCENP-ACENP-A
L-NL-N

C
E

N
P

-T
C

E
N

P
-T

W-S-XW-S-X

H-I-K-MH-I-K-M

O-P-Q
-R-U CCAN

(Constitutive Centromere-Associated Network)

KMN Network

- Ndc80 complex (Ndc80C)

- KNL1
- Mis12 complex (Mis12C)

N
dc

80
N

dc
80

N
dc80

N
dc80

C
E

N
P

-C
C

E
N

P
-C

Mis12CMis12CMis12CMis12C

KNL1KNL1KNL1KNL1

Fig. 6 An organization of the vertebrate kinetochore. The CCAN constitutively localizes to the
centromere throughout the cell cycle and functions as a foundation to create a linkage between the
centromere and microtubules in the kinetochore. CENP-C and the CENP-L/N subcomplex make
direct interactions with the CENP-A nucleosomes. The CENP-T/W/S/X subcomplex has
DNA-binding activity via its histone fold domains that form a nucleosome-like structure;
therefore, the CCAN would interact with the centromere through three interfaces, CENP-C, the
CENP-L/N and the CENP-T/W/S/X. In M-phase, the KMN network, which binds to microtubules,
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resulting in cell death (Nishino et al. 2013). Together with the CENP-A nucleo-
somes and DNA-binding ability of CENP-C and -T, respectively, these results
indicate that CENP-T together with CENP-C create the Ndc80 complex-binding
platforms to bridge the centromere and the microtubules (Fig. 6).

When the CENP-C N-terminus and the CENP-T N-terminus are tethered onto a
non-centromeric region using the lacO/LacI system, both fragments recruit the
KMN network and induce the functional artificial kinetochores (Gascoigne et al.
2011; Hori et al. 2013). Importantly, both the CENP-C- and the CENP-T-derived
kinetochores contain none of the other CCAN members, nor CENP-A (Hori et al.
2013). This indicates that CENP-C and -T have the ability to make a functional
kinetochore independently. Presumably, the two pathways could form an inde-
pendent parallel pathway to recruit the Ndc80 complex on the CCAN in the native
kinetochore (Hori et al. 2013; Nishino et al. 2013; Kim and Yu 2015; Rago et al.
2015). If so, other challenging questions arise: why do the two pathways to recruit
the Ndc80 complex exist in the native kinetochore? How do the two pathways
coordinate with each other in the kinetochore assembly?

3.2.3 In Vitro Reconstitution of the CCAN

Recently, all subcomplexes of the vertebrate CCAN and the KMN network have
been reconstituted with recombinant proteins (Hori et al. 2008b; Screpanti et al.
2011; Nishino et al. 2012, 2013; Basilico et al. 2014; Nagpal et al. 2015; McKinley
et al. 2015; Weir et al. 2016). Using these as building blocks, interaction of the
CCAN and the KMN subcomplexes was assembled in vitro (Weir et al. 2016).
Combined with cross link mass spectrometry analysis (Basilico et al. 2014; Weir
et al. 2016), the complicated meshwork of the CCAN and the KMN network that
has multiple binding interfaces among the subunits have been revealed.

The most recent efforts have successfully assembled the large part of the CCAN
in vitro; this includes CENP-C and the CENP-H/I/KM and the CENP-L/N sub-
complexes (Weir et al. 2016). This reconstituted CCAN is bound to the CENP-A
nucleosome through CENP-C and -N (Weir et al. 2016), as previously shown by
genetic assay and in vitro binding studies (Carroll et al. 2009, 2010; Kato et al.
2013; Nagpal et al. 2015; McKinley et al. 2015). Since CENP-C has the
KMN-binding activity in its N-terminus, the reconstituted CCAN binds the KMN
network and established microtubule-binding via the KMN network (Weir et al.
2016). The in vitro assembly of linkage from the CENP-A nucleosome to micro-
tubules through the CCAN and the KMN network is a seminal work for recon-
stitution of the functional vertebrate kinetochores in the future.

The current reconstituted kinetochore misses another essential subcomplex, the
CENP-T/W/S/X. The structural analyses and ectopic tethering experiments in
various systems showed that the CENP-T/W/S/X is also directly bound to the
Ndc80 complex to establish microtubule-binding on the kinetochore as well as
DNA-binding activity through the HFD (Hori et al. 2008a, 2013; Gascoigne et al.
2011; Nishino et al. 2012, 2013); therefore, to understand the entire kinetochore
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structure, it is interesting to include the CENP-T/W/S/X in the reconstituted com-
plexes. The reconstituted whole kinetochore would allow us to understand how the
CCAN utilizes the two pathways from the centromere to the microtubules. In fact, a
functional kinetochore, which is assembled onto the point kinetochore, has been
purified from S. cerevisiae (Akiyoshi et al. 2010). The purified kinetochore includes
the CCAN and the KMN network as well as other kinetochore factors (Akiyoshi
et al. 2010). The biophysics studies with the purified yeast kinetochores provided a
great deal of mechanistic insight into the kinetochore regulation (Akiyoshi et al.
2010; Miller et al. 2016). Future studies with the reconstituted vertebrate kineto-
chore will unveil new molecular insight into functions of the kinetochore assembled
on the regional centromere.

3.2.4 The CCAN-Dependent Stabilization of Centromere Position

It has been shown that the centromeric CENP-A chromatin can move its location in
horse fibroblasts (Purgato et al. 2015). Recently, we demonstrated a new role of
CCAN in the stabilization of centromere position through centromere movement
suppression (Fig. 7) (Hori et al. 2017). One of unique features of chicken DT40
cells is that they have non-repetitive centromeres in chromosomes 5, 27, and Z
(Shang et al. 2010). This attribute allows us to examine precise centromere position
and size in the chromosomes by chromatin immunoprecipitation using
anti-CENP-A antibody combined with deep-sequencing (ChIP-Seq). The extensive
CENP-A ChIP-Seq from DT40 cells found evidence that centromere position on the
chromosomes could move during many passages (Hori et al. 2017). Centromere
size of the Z chromosome from a laboratory stock was about 50 kbp (Hori et al.
2017). In contrast, isolated clones from the laboratory stock as a parental line had
smaller centromeres of about 30 kbp on the chromosome Z. This suggests that the
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Wild Type
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(CENP-A chromatin)
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CENP-S or-U Knockout

Fig. 7 A model for stabilization of centromere position by the complete CCAN structure.
ChIP-Seq analyses with anti-CENP-A antibody using DT40 cells have demonstrated that the
centromeres (chromatin region associated with the CENP-A nucleosomes) are mobile, although
the centromeres scarcely move in the wild type cells. In contrast, conditional knockout of CENP-S
and -U, which are the nonessential CCAN subunits in DT40 cells, increases frequency of the
centromere drift due to incomplete structure of CCAN in these knockout cells. The complete
CCAN organization stabilizes the centromere position
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50 kbp centromere size in the parental cell line is made from a mixture of cells with
various centromere positions (Hori et al. 2017). Interestingly, although the repeti-
tive DNA in the centromere is thought to contribute to centromere position spec-
ification, the centromere drift was also found in a repetitive centromere on
chromosome 1 (Hori et al. 2017).

However, as seen with the smaller sized centromere in the freshly isolated lines,
the centromere barely moves during the relative short-term culture, which is at least
2–3 weeks (Hori et al. 2017). Strikingly, the frequent centromere drift was found in
knockout of the nonessential CCAN proteins, CENP-U or -S (Hori et al. 2008b;
Amano et al. 2009), even during the short-term culture, suggesting that depletion of
those CENPs increased mobility of the centromere (Fig. 7) (Hori et al. 2017).
Considering that depletion of CENP-U or -S destabilized interaction among other
CCAN proteins in the kinetochore, the intact CCAN organization may be required
for stable centromere positioning (Fig. 7) (Hori et al. 2017). In other words, when
cells exhibit stress or damage in their CCAN, centromere position moves during the
cell cycle, presumably resulting in deleterious effects. This may occur because the
centromere and kinetochore formation could be affected by the chromatin envi-
ronment, such as histone modifications and transcription levels (Bergmann et al.
2012), and transcription is suppressed in a neocentromere in chicken DT40 cells
(Shang et al. 2013).

4 Dynamic Rearrangement of CCAN Organization

4.1 Reorganization of the CCAN During the Cell Cycle

Given that the CCAN is constitutively localized to the centromere throughout the
cell cycle and that the recombinant CCAN subcomplexes are successfully recon-
stituted, one might think the CCAN could form stable interaction networks on the
centromere. However, this is not the case. The CCAN interaction appears to be
dynamically reorganized along the cell cycle progression (Fukagawa et al. 2001;
Kwon et al. 2007; Nagpal et al. 2015; McKinley et al. 2015).

It has been demonstrated that CENP-C changes dependency on CENP-H/K for
its kinetochore localization during the cell cycle in chicken DT40 cells (Fukagawa
et al. 2001; Kwon et al. 2007). Although recombinant CENP-C interacts with the
CENP-H/I/K/M subcomplex in vitro (McKinley et al. 2015; Weir et al. 2016),
CENP-C remains bound to the mitotic centromere in CENP-H- or -K-deficient
chicken DT40 cells (Kwon et al. 2007; Hori et al. 2008a), suggesting that CENP-C
binds to the centromere independently of the CENP-H/I/K/M in M-phase.
However, when CENP-H or -K is depleted, CENP-C is dissociated from the cen-
tromere in interphase cells (Fukagawa et al. 2001; Kwon et al. 2007). In contrast,
CENP-H localization is not completely abolished in CENP-C-deficient DT40 cells
(Fukagawa et al. 2001; Hori et al. 2008a). Similar CENP-C regulation is also found
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in human cells (McKinley et al. 2015) using the auxin-inducible degron system by
which a target protein can be rapidly degraded after auxin treatment (Nishimura
et al. 2009). CENP-C localization relies on CENP-I, a member of the
CENP-H/I/K/M as well as CENP-L in interphase cells (McKinley et al. 2015).
However, when cells enter into M-phase, CENP-C binds to the kinetochore inde-
pendently of CENP-I and -L (McKinley et al. 2015). It is worth mentioning that
CENP-C is required for centromeric localization of all other subcomplexes of the
CCAN in human mitotic cells (McKinley et al. 2015).

The changes in localization dependency of CENP-C on the CENP-H/I/K/M and
CENP-L/N during cell cycle progression suggest that CENP-C could alter its
binding partners in the CCAN (Fig. 8). Indeed, when the CENP-C C-terminus,
which includes the conserved CENP-C motif and the dimerization domain (Fig. 5b),
was expressed in CENP-C-deficient DT40 cells, the fragment was targeted onto the
kinetochore in M-phase but not in interphase cells (Nagpal et al. 2015). In contrast, a
CENP-C N-terminal fragment, which contained the conserved middle region
(Fig. 5b), was localized to the kinetochore restrictively in interphase but not in
M-phase (Nagpal et al. 2015). Biochemical studies showed that the middle region
and the C-terminal fragment of CENP-C are bound to the CENP-H/I/K/M and -L/N
subcomplexes and the CENP-A nucleosomes, respectively (Kato et al. 2013; Klare
et al. 2015; Nagpal et al. 2015; McKinley et al. 2015). These observations suggest
that CENP-C would change its major interacting domains with the kinetochore
between interphase and M-phase (Fig. 8). Since CENP-C has multiple functional
domains (Brown 1995; Meluh and Koshland 1995; Fukagawa and Brown 1997;
Moore and Roth 2001; Holland et al. 2005; Heeger et al. 2005; Milks et al. 2009;
Carroll et al. 2010; Przewloka et al. 2011; Screpanti et al. 2011; Kato et al. 2013;
Klare et al. 2015; Nagpal et al. 2015), another domain might also contribute to
CENP-C-targeting onto the kinetochore. Nevertheless, CENP-C could dynamically
alter its kinetochore-binding mode via cell cycle-dependent regulations (Fig. 8)
(Nagpal et al. 2015; Nagpal and Fukagawa 2016).

Although the significance of cell cycle-dependent CCAN reorganization has not
been elucidated yet, it might be related to fine localization of the CCAN subunits in
kinetochores. In fact, electron microscopy observation suggests that the CCAN
subunits change their distribution in the kinetochore when tension is applied to the
kinetochore from microtubules during M-phase (Suzuki et al. 2011). Consistent
with this observation, a super-resolution microscopy analysis also shows that dis-
tance between CENP-A and the KMN network is stretched when the tension is
applied during M-phase (Wan et al. 2009), suggesting that in order to resist the
tension generated from microtubules, the CCAN might form an elastic and strong
interaction meshwork (Suzuki et al. 2014). The structural rearrangement of the
CCAN could be important for proper M-phase progression, because the rear-
rangement in the kinetochore is proposed to play a role in silencing of the spindle
assembly checkpoint (Maresca and Salmon 2009; Uchida et al. 2009). Following
M-phase completion, newly synthesized CENP-A is deposited onto the centromere
during early G1 phase (Jansen et al. 2007; Dunleavy et al. 2009; Foltz et al. 2009).
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It is also suggested that new CCAN proteins are likely to be recruited during
interphase (Hemmerich et al. 2008; Prendergast et al. 2011). Studies using
fluorescence recovery after photobleaching assays suggest that the CCAN subunits
are dynamically incorporated into the centromere during interphase but not during
M-phase (Hemmerich et al. 2008; Prendergast et al. 2011). The CCAN rear-
rangement in interphase might convert the CCAN meshwork to a more open
structure to facilitate the targeting of the new centromere protein to the kinetochore.

4.2 CCAN Organization During Development

The CCAN displays different regulation and function when viewed from a devel-
opmental point of view. The depletion of subunits of the CENP-O/P/Q/R/U
sub-complex did not affect cell viability in chicken DT40 cells despite a slight
mitotic defect (Hori et al. 2008b). In contrast, CENP-U null mice died during early
embryo development (Kagawa et al. 2014). The CENP-U+/− intercross never gave
birth to homozygous CENP-U−/− mice, rather the CENP-U null mice died after late
gastrulation stage (E7.5) (Kagawa et al. 2014). However, mouse embryonic
fibroblast cells isolated from CENP-U null mice were viable with mild mitotic
defects as seen in the CENP-U-deficient DT40 cells (Kagawa et al. 2014).
Interestingly, when CENP-U was depleted in mouse embryonic stem (mES) cells, the
mES cells died after showing chromosome segregation errors (Kagawa et al. 2014).
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Fig. 8 A model for reorganization of the CCAN during the cell cycle progression. The CCAN
constitutively localizes to the centromere during the cell cycle. However, interaction network
among its subunits appears to be dynamically reorganized along cell cycle progression. In
interphase, centromeric localization of CENP-C depends on the CENP-L/N and -H/I/K/M
subcomplexes. In contrast, when cells enter into M-phase, CENP-C is localized to the centromere
independently of the CENP-L/N and -H/I/K/M subcomplexes probably through its direct binding
to the CENP-A nucleosome. This suggests that CENP-C switches its major interaction interfaces
during the cell cycle
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Despite the cell-proliferation defects in the CENP-U null mES, CENP-H local-
ization into the kinetochore was not affected as seen in the CENP-U-deficient DT40
cells (Kagawa et al. 2014). This suggests that although the CCAN composition in
mES cells is similar to that in DT 40 cells, the CCAN without CENP-U is
unfunctional in the undifferentiated mES cells or early embryonic cells (Hori et al.
2008b; Kagawa et al. 2014).

CENP-U depletion appeared to have an effect on the CCAN meshwork for-
mation and stability of the centromere position in DT40 cells (Hori et al. 2008b,
2017). Spindle assembly checkpoint may be weaker in mES cells than in somatic
cells; therefore, mES cells could fail chromosome segregation more often with the
impaired CENP-U-deficient CCAN (Kagawa et al. 2014). An alternate possibility is
that the difference in pericentromeric heterochromatin (PCH) between differentiated
and undifferentiated cells is responsible. It has been shown that a transcription
factor, NANOG (Chambers et al. 2003; Mitsui et al. 2003), which is a key
pluripotency factor, establishes and maintains open PCH structure in mES cells
(Novo et al. 2016). Because PCH is thought to be involved in faithful chromosome
segregation and centromere stability (Peters et al. 2001; Yamagishi et al. 2008),
open and active forms of PCH combined with the impaired CCAN might cause cell
death in undifferentiated cells with depletion of CENP-U.

5 Conclusion

Since establishment of the chromosome theory from studies with various systems
including echinoderm embryos, insect germ lines, and plant cells (Benson 2001;
Satzinger 2008), our understanding of the molecular mechanisms responsible for
the correct segregation of chromosomes to the next generations has been acceler-
ated. These large efforts revealed the basic structure of the CCAN organization.
Although reconstitution of the CCAN assembly in vitro is a key step in building a
functional recombinant kinetochore for further biochemical and biophysics studies,
this structure might show only one aspect of the CCAN structure as a snapshot.
Indeed, accumulating data suggest that dynamic remodeling occurs in the CCAN
organization during the cell cycle. How the CCAN organization is remodeled and
what is the significance of the remodeling are future questions to be addressed
combining various experimental approaches including genetics, cell biology,
molecular biology, genome science, biochemistry, structural biology, and
biophysics.

Most of the CCAN members are found in both yeasts and vertebrates; therefore,
the CCAN looks to be a conserved structure among various species (Przewloka and
Glover 2009). However, the CCAN organization has been dynamically rewired
during evolution. For example, CENP-C is the sole CCAN component in
D. melanogaster (Drinnenberg et al. 2014, 2016). CENP-C could make a platform
of kinetochore assembly in the fly. On the other hand, the silkworm, Bombyx mori,
lacks in CENP-C (Drinnenberg et al. 2016). Since most of the KMN network
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subunits exist in B. mori, the silkworm should have another scaffold to the KMN
other than CENP-C. Moreover, B. mori has holocentromeres (Murakami and Imai
1974), a type of centromere, which are extended through entire chromosomes
(Dernburg 2001). In fact, the holocentromere is found in many insects or plants as
well as C. elegans (Albertson and Thomson 1982; Drinnenberg et al. 2014).
The CCAN could adapt to be assembled on the holocentric chromatin in those
species.

Centromere structures and CCAN organizations are highly diverse among spe-
cies. Studies on molecular functions and regulatory mechanisms of the kinetochore
in various species in addition to the model systems should lead us to a compre-
hensive understanding of the chromosome segregation, similar to when the chro-
mosome theory was established.
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The Power of Xenopus Egg Extract
for Reconstitution of Centromere
and Kinetochore Function

Bradley T. French and Aaron F. Straight

Abstract Faithful transmission of genetic information during cell division requires
attachment of chromosomes to the mitotic spindle via the kinetochore. In vitro
reconstitution studies are beginning to uncover how the kinetochore is assembled
upon the underlying centromere, how the kinetochore couples chromosome
movement to microtubule dynamics, and how cells ensure the site of kinetochore
assembly is maintained from one generation to the next. Here we give special
emphasis to advances made in Xenopus egg extract, which provides a unique,
biochemically tractable in vitro system that affords the complexity of cytoplasm and
nucleoplasm to permit reconstitution of the dynamic, cell cycle-regulated functions
of the centromere and kinetochore.

1 Introduction

All organisms must accurately segregate their genomes during cell division. In
eukaryotes, duplicated sister chromosomes condense as cells enter mitosis, attach to
the microtubules of the bipolar mitotic spindle, and then use microtubule-dependent
forces to move to opposite spindle poles before separation into two new cells during
cytokinesis. These events were first described nearly 150 years ago (Flemming
1880), yet we still lack a detailed molecular understanding of the processes that
orchestrate chromosome segregation.

Central to the process of chromosome segregation is the multiprotein complex
that links chromosomes to microtubules—the kinetochore. Kinetochores provide
the primary interaction sites between microtubules and chromosomes for chromo-
some movement and monitor proper chromosome alignment through the activities
of the spindle assembly checkpoint (Cheeseman 2014; Foley and Kapoor 2013).
The process of kinetochore formation occurs in mitosis as numerous proteins and
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protein complexes localize to a specialized domain of the chromosome termed the
centromere (McKinley and Cheeseman 2016; Westhorpe and Straight 2015).
Centromeres are defined by a specialized chromatin domain in which the histone
H3 variant CENP-A replaces histone H3 in nucleosomes. CENP-A nucleosomes
recruit a complex of *17 centromere-specific proteins, the constitutive
centromere-associated network (CCAN), which associates with the chromosome
throughout the cell cycle and provides the essential substrate for mitotic kinetochore
assembly (Fig. 1). The centromere and kinetochore thus play structural, mechani-
cal, and signaling roles that are essential for proper chromosome segregation.

Over the last thirty years, efforts from numerous groups have identified many of
the core components of centromeres and kinetochores. The first centromere proteins
were discovered as autoantigens recognized by sera from scleroderma patients
(Earnshaw and Rothfield 1985; Earnshaw et al. 1986, 1987). Subsequently, genetic
studies of chromosome missegregation and biochemical purification (Foltz et al.
2006; Obuse et al. 2004; Izuta et al. 2006; Okada et al. 2006) have provided a
relatively complete list of centromere and kinetochore proteins: by current esti-
mates, more than 80 different proteins have been identified (Westhorpe and Straight
2015; McKinley and Cheeseman 2016).

As we now have many of the proteins of the centromere and kinetochore in
hand, a major challenge going forward is to understand how those components
come together to give rise to the activities that segregate chromosomes. In vitro
reconstitution studies are beginning to uncover the biochemical functions of these
components, how they are connected, and how their activities are regulated and
coordinated to achieve proper chromosome segregation. As comprehensive cov-
erage of the functions of the centromere and kinetochore is provided in other
chapters of this book, the goal of this chapter is to highlight the specific contri-
butions of reconstitution studies. Special emphasis is given to Xenopus egg extract,
which provides a biochemically tractable in vitro system that affords the complexity
of cytoplasm and nucleoplasm, uniquely permitting reconstitution of the dynamic,
cell cycle-regulated functions of the centromere and kinetochore.

2 Reconstituting Centromere and Kinetochore
Functions In Vitro

A key challenge in studying centromeres and kinetochores in vivo is that their
activities are essential for cell viability. Thus deletion or mutation of protein
components often results in cell death and give rise to phenotypes that are often
difficult to interpret. Cell free or reconstituted systems bypass this problem and thus
enable the study of centromere and kinetochore protein function without the lim-
itations of cell viability.

Early studies of kinetochore activities in cell free systems showed that
the kinetochores of purified mitotic chromosomes, when incubated with tubulin,
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bind microtubules, regulate microtubule dynamic instability, and couple chromo-
some movement to microtubule depolymerization (Mitchison and Kirschner 1985a,
b; Koshland et al. 1988; Hyman and Mitchison 1990). In budding yeast, where a
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Fig. 1 General schematic of a vertebrate kinetochore. The point of attachment between a
chromosome and the microtubules of the mitotic spindle is a region called the centromere. During
mitosis, the centromere recruits a multiprotein complex called the kinetochore that physically links
chromosomes to microtubules, monitors its own attachment to microtubules, and delays anaphase
onset until chromosomes are properly attached to opposite poles of the spindle (SAC the spindle
assembly checkpoint). At the heart of the kinetochore is the KMN network: KNL1, which can bind
microtubules and serves as the hub for SAC signaling; the Mis12 complex (Mis12, Nnf1, Nsl1,
Dsn1) which anchors the kinetochore to the centromere; and the Ndc80 complex (Ndc80, Nuf2,
Spc24, Spc25) which provides the core microtubule-binding activity of the kinetochore. The
location of the centromere is specified by chromatin containing nucleosomes in which histone H3
has been replaced with the centromere-specific histone H3 variant CENP-A. CENP-A
nucleosomes are bound directly by the constitutive centromere-associated network (CCAN), a
complex of*17 “CENP” proteins that associate with the centromere throughout the cell cycle and
provide the platform for kinetochore assembly in mitosis. Of these, only CENP-C and CENP-N are
known to directly interact with the CENP-A nucleosome. The CCAN is further divided into
several subcomplexes: CENP-C, CENP-LN, CENP-HIKM, CENP-OPQRU, CENP-TWSX
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125 bp DNA sequence is sufficient to define a centromere, incubation of cen-
tromere DNA containing plasmids in yeast extract can recapitulate the assembly of
multiple centromere proteins on DNA thereby providing a biochemically tractable
system that benefits from the wealth of mutants generated in genetic studies of
chromosome segregation (Hyman et al. 1992; Kingsbury and Koshland 1991;
Sorger et al. 1994; Sandall et al. 2006). These studies eventually led to the
purification of intact kinetochore particles from yeast which made possible elegant
structural, biophysical, and proteomic studies (Sorger et al. 1994; Akiyoshi et al.
2009, 2010; Gonen et al. 2012).

Although purification of kinetochores from cells has provided a powerful
approach to studying the functions of kinetochore proteins, mutant analysis using
this approach is still limited by host viability. Full reconstitution of kinetochores
using purified components offers one potential solution to this problem. But despite
major advances toward this goal (Pesenti et al. 2016), many centromere and
kinetochore proteins have resisted expression and purification and it has been
difficult to recapitulate post-translational regulation and cell cycle dependent
assembly of centromeres and kinetochores in vitro.

Cell free approaches to centromere and kinetochore reconstitution that can
capture the dynamic properties of centromeres and kinetochores and their cell cycle
dependent regulation stand to provide significant new insight into their function.
One of the most powerful approaches in this class is the use of extracts from
Xenopus eggs, in which functional centromeres can be reconstituted de novo on
defined chromatin templates, and which support spindle assembly, checkpoint
control, and anaphase chromosome segregation. Below we discuss first the general
advantages of egg extract for in vitro reconstitution studies, and then how its
strengths have been specifically leveraged for the study of centromeres and
kinetochores.

2.1 Xenopus Egg Extract as a Versatile System
for In Vitro Reconstitution

Xenopus egg extracts were originally developed as a starting material for bio-
chemical fractionation following the demonstration that cytoplasmic components
were responsible for controlling cell cycle progress and for regulating the ensuing
changes in chromosomes during DNA replication and mitosis (Gurdon and
Woodland 1968; Gurdon 1968; Masui and Markert 1971; Benbow and Ford 1975;
Benbow et al. 1975). Xenopus eggs are an ideal starting material for biochemical
studies. First, because each egg contains*1 µL of cytoplasm and a single frog will
lay 1000–2000 eggs, a few frogs will provide several milliliters of cytoplasm.
Second, because new RNA synthesis does not start until the twelfth division after
fertilization each egg is stockpiled with maternal proteins and RNAs to support
chromatin assembly, nuclear assembly, and chromosome segregation (Newport and
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Kirschner 1982a, b). Therefore, extract from a batch of Xenopus eggs (Fig. 2a)
which maintains RNA and protein concentrations at or near normal cytoplasmic
levels provides abundant material for biochemical studies.

In addition to their biochemical advantages, egg extracts recapitulate complex
cellular processes in vitro (Lohka and Masui 1983, 1984; Iwao and Katagiri 1984;
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Fig. 2 Extract and cell cycle manipulation. Preparation and manipulation of extracts from
Xenopus laevis eggs. a Preparation of egg extract. Xenopus laevis females are injected with human
chorionic gonadotropin (hCG) to stimulate ovulation. Eggs laid overnight are collected, treated
with cysteine to remove their sticky jelly coat, and subjected to a low-speed packing spin to
remove interstitial buffer. Centrifugation at higher speed gently ruptures the cell membrane and
causes the maternal chromosomes to pellet with the pigment granules, resulting in chromatin-free
cytoplasmic extract that contains soluble cytoplasmic components including ribosomes as well as
the membranes required to support nuclear envelope assembly. Egg extract is isolated following
centrifugation by side puncture using a syringe. b Cell cycle manipulation of extract. Crushing
unfertilized eggs in the presence of the calcium-chelator EGTA results in extract that preserves the
metaphase II meiotic arrest of the intact eggs. This metaphase extract assembles bipolar spindles
around unreplicated chromosomes following addition of demembranated sperm chromatin.
Addition of calcium mimics fertilization and causes release of the metaphase II arrest and entry
into interphase. Chromosomes decondense, form interphase nuclei, and undergo DNA replication.
Addition of fresh metaphase extract to interphase extract drives it forward into the next mitosis.
Replicated chromosomes condense and form bioriented spindles in this cycled mitotic extract.
Addition of calcium again drives exit from mitosis, with replicated chromosomes undergoing
microtubule-direct anaphase segregation
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Miake-Lye and Kirschner 1985). Lohka and Maller first demonstrated that addition
of demembranated sperm chromatin to Xenopus egg extracts reconstituted pronu-
clear assembly, mitotic chromosome condensation, and spindle assembly (Lohka
and Maller 1985). Over the following decades, reconstitution in Xenopus egg
extracts has informed studies of sperm decondensation and chromatin assembly
(Earnshaw et al. 1980; Almouzni and Mechali 1988a, b; Ohsumi and Katagiri
1991), nuclear envelope assembly (Sheehan et al. 1988), nucleocytoplasmic
transport (Saitoh et al. 1996; Moore and Blobel 1992; Newmeyer and Forbes 1988),
DNA replication (Blow and Laskey 1986), mitotic chromosome condensation
(Shintomi et al. 2015), mitotic spindle assembly (Lohka and Maller 1985), spindle
assembly checkpoint signaling (Minshull et al. 1994; Chen 2008), and anaphase
chromosome segregation (Murray et al. 1996). This is in addition to other activities
recapitulated by extract including the DNA damage response (Kornbluth et al.
1992; Matsumoto and Bogenhagen 1989; Garner and Costanzo 2009; Lupardus
et al. 2007), developmental signaling (Salic et al. 2000), apoptosis (Newmeyer et al.
1994; Kornbluth and Evans 2001), and organelle scaling (Levy and Heald 2015).

A significant advantage of working in egg extracts for dissecting such complex
phenomena is that the cytoplasmic composition can be easily manipulated. Proteins
can be removed by immunodepletion and complemented with in vitro translated or
purified proteins at varying concentrations. Furthermore, complementation with
mutants to assess phenotypes, fluorescently labeled proteins to image protein
dynamics, inhibitors (small molecules, peptides, antibodies, etc.) to functionally
manipulate the extract or radiolabeled metabolites to follow the flux of molecules
through the extract are all straightforward.

A major advantage of the egg extract system for studying centromere and
kinetochore function is the ability to manipulate the cell cycle state (Murray 1991;
Desai et al. 1998) (Fig. 2b). Xenopus eggs are arrested at metaphase of meiosis II
and initiate division once fertilized. Egg extracts prepared in the absence of calcium
are naturally arrested in metaphase and can be cycled into interphase simply by
addition of calcium to mimic fertilization. Sperm chromatin added to
calcium-released extracts undergoes chromatid decondensation and subsequent
DNA replication (Lohka and Maller 1985). Furthermore, interphase extracts can be
driven back into metaphase by the addition of metaphase arrested extracts, thereby
causing microtubule assembly around sperm chromatin to generate metaphase
spindles with bioriented sister kinetochores that attach to opposite spindle poles and
support spindle assembly checkpoint signaling (Sawin and Mitchison 1991;
Minshull et al. 1994). Addition of calcium to these spindle-containing extracts
drives anaphase chromosome segregation (Murray et al. 1996; Shamu and Murray
1992). Because of the short duration of embryonic cell cycles (30–90 min)
(Newport and Kirschner 1982a), the events of multiple successive cell cycles can be
tracked easily in egg extract (Chang and Ferrell 2013; Murray and Kirschner 1989).

The properties described above make Xenopus egg extract the ideal system for
detailed dissection of complex cell cycle-regulated processes. In the next section,
we discuss how the unique advantages Xenopus egg extract have and continue to
contribute to the elucidation of various aspects of centromere and kinetochore
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function; including maintenance of centromere identity, recruitment of CCAN
proteins onto chromatin, assembly of kinetochores during mitosis, and regulation of
the spindle assembly checkpoint.

3 Application of Frog Egg Extracts to Study Centromere
and Kinetochore Function

Xenopus egg extract is the only cell free system that assembles functional cen-
tromeres and kinetochores de novo (Desai et al. 1997). During spermatogenesis in
frogs, CENP-A is retained on sperm chromatin while the rest of the centromere is
disassembled (Milks et al. 2009; Palmer et al. 1990). Thus when demembranated
sperm chromatin is added into egg extract it acts as a naïve template for centromere
assembly. Because centromere proteins must be assembled from the egg cytoplasm,
depleting proteins from the extract makes it possible to assay depletion phenotypes
within a single cell cycle without the confounding secondary effects often associ-
ated with RNAi or gene deletion experiments in living cells. These unique
advantages of egg extract have enabled insights into several important aspects of
centromere and kinetochore function.

3.1 Epigenetic Maintenance of Centromere Identity

CENP-A nucleosomes appear to provide a true epigenetic mark that dictates the
position of the centromere (McKinley and Cheeseman 2016). DNA sequence is
neither necessary nor sufficient for centromere identity in vertebrates, whereas loss
of CENP-A prevents centromere formation (McKinley and Cheeseman 2016).
Moreover, targeting CENP-A to a noncentromeric locus promotes assembly of a
neocentromere that is epigenetically maintained through subsequent generations
(Mendiburo et al. 2011; McKinley and Cheeseman 2016). To understand the per-
sistence of centromere identity, it is necessary to understand how CENP-A chro-
matin directs new CENP-A assembly. Perturbing the self-renewing mechanisms
that maintain CENP-A chromatin is challenging in vivo because centromere
inheritance is required for viability. Xenopus egg extract is the only in vitro system
that recapitulates epigenetic CENP-A inheritance. Short cell cycles and facile
control of cell cycle transitions have facilitated temporal dissection of the stages of
CENP-A assembly. In addition, these studies benefit from the ability to manipulate
the chromatin-associated and the soluble pools of CENP-A separately to understand
the distinct mechanisms involved in recognizing template chromatin and in rec-
ognizing prenucleosomal CENP-A. Together, these features have permitted detailed
studies of the mechanisms by which CENP-A chromatin is propagated, including
what chaperones are involved, what proteins recognize the pre-existing centromere,
and what features of CENP-A chromatin are recognized.
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Extract-based CENP-A assembly assays recapitulate interphase- and
centromere-specific CENP-A deposition on demembranated sperm chromatin that
requires the CENP-A chaperone HJURP (Bernad et al. 2011; Moree et al. 2011;
Foltz et al. 2009; Dunleavy et al. 2009) (Fig. 3a). Biochemical studies demonstrate
that HJURP binds a region on CENP-A called the CATD (CENP-A Targeting
Domain; Fig. 4b) first identified because transplanting this domain into histone H3
caused the chimeric molecule to assemble at centromeres (Black et al. 2004).
Artificially tethering HJURP to an arbitrary chromosomal locus is sufficient to
promote local CENP-A assembly (Barnhart et al. 2011). However, other H3
chaperones including RbAp46/48 have also been implicated in CENP-A assembly
by studies in human cells and Drosophila (Dunleavy et al. 2009; Furuyama et al.
2006), though their roles have been difficult to study in vivo due to their importance
in H3 chromatin assembly. In egg extract, inviability due to defective H3 chromatin
assembly is not a concern. Depletion of RbAp48 from egg extract has no effect on
CENP-A assembly, and depletion of CAF1p150 or HIRA—components of the
H3.1 and H3.3 assembly complexes, respectively—have only mild effects (Bernad
et al. 2011). Thus, HJURP appears to be the predominant CENP-A chaperone.

To understand how CENP-A serves as an epigenetic mark for centromere
identity, it is necessary to understand how HJURP and the proteins that assemble
new CENP-A recognize the pre-existing centromere. In egg extract, immunode-
pletion of CENP-C, which directly binds nucleosomal CENP-A, causes defective
HJURP localization and decreased CENP-A assembly (Moree et al. 2011). The
facile cell cycle control available in extract enabled identification of two roles for
CENP-C in promoting new CENP-A assembly: recruitment of HJURP in inter-
phase, and recruitment of another essential CENP-A assembly factor, the Mis18
complex, during mitosis (Moree et al. 2011) (Fig. 3b). The Mis18 complex,
comprised of Mis18a, Mis18b, and M18BP1 (Maddox et al. 2007; Fujita et al.
2007) is also required for HJURP localization, as immunodepletion of M18BP1
causes a loss of both centromeric HJURP and CENP-A loading (Moree et al. 2011).
Its mitotic function, however, remains mysterious. The Mis18 complex has been
proposed to “prime” centromeric chromatin for assembly by modulating
post-translational modification of chromatin (Fujita et al. 2007; Hayashi et al. 2004;
Ohzeki et al. 2016; Kim et al. 2012) which could contribute to a proposed licensing
mechanism for CENP-A assembly. Indeed, while M18BP1 is recruited to cen-
tromeres in metaphase egg extract by a direct interaction with CENP-C, M18BP1
switches to a CENP-C-independent mechanism for interphase localization (Moree
et al. 2011; Westhorpe et al. 2015), possibly analogous to cell cycle-regulated
licensing of DNA replication origins (Walter and Arias 2004). Facile cell cycle
manipulation of egg extract and the ability to transfer chromatin between extracts of
different composition or cell cycle states were essential for identifying the mech-
anisms of DNA replication licensing (Blow and Laskey 2016) and will likewise be
valuable in elucidating the mechanisms that may license new CENP-A assembly.

While immunodepletion analysis has identified CENP-C as a key recognition
factor for centromeric chromatin and ruled out other CCAN components such as
CENP-T and CENP-W (Krizaic et al. 2015; Moree et al. 2011), the fundamental
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question underpinning the epigenetic inheritance of CENP-A is what features of
CENP-A chromatin are recognized by the assembly machinery and how. Extract
affords the only system in which the composition of the template chromatin can be
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Fig. 3 CENP-A assembly. Epigenetic maintenance of CENP-A. c Changes in centromeric
CENP-A content during the cell cycle. During S-phase, parental nucleosomes are partitioned
equally between the daughter chromatids as DNA replicates. While new H3 nucleosome assembly
is coupled to the replication machinery, new CENP-A nucleosome assembly does not proceed
until the following G1. This results in halving of centromeric CENP-A from G1 to G2, indicated
by transition of the pink circles to pink half-circles at the centromere. b Schematic of CENP-A
loading. In Xenopus, initial recruitment of the CENP-A assembly machinery takes place in mitosis.
The Mis18 complex (Mis18a, Mis18b, and M18BP1) localizes to centromeres via a cell
cycle-regulated interaction between CENP-C and M18BP1. In interphase, CENP-C and the Mis18
complex interact with the CENP-A-specific chaperone HJURP to recruit a prenucleosomal
complex of CENP-A/H4 to the centromere. The details of CENP-A nucleosome assembly
following HJURP recruitment remain unclear, but may entail disassembly of H3 nucleosomes at
sites where new CENP-A nucleosomes will form. a Schematic of CENP-A assembly assays in egg
extract. Because CENP-A is retained on sperm chromatin through spermatogenesis, tagged
CENP-A is added to extract to differential new and old CENP-A. Demembranated sperm
chromatin or reconstituted CENP-A chromatin can serve as the template for CENP-A assembly.
The assembly reaction is initiated by the addition of calcium and the CENP-A chaperone HJURP,
recapitulating the in vivo requirements for assembly. Incorporation of tagged CENP-A at
centromeres is assessed by immunofluorescence
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freely manipulated to directly address this question. Chromatin reconstitution
methods have been extensively developed over the past three decades, making it
possible to assemble nucleosomes on arbitrary DNA sequences (Luger et al. 1999).
This includes centromeric nucleosomes which have been reconstituted both as
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Fig. 4 Reconstitution of chromatin arrays. Reconstitution of kinetochore function with recon-
stituted chromatin arrays. a Schematic of chromatin reconstitution and kinetochore assembly
assay. Purified CENP-A/H4 tetramer and H2A/B dimer are mixed in high salt buffer with
biotinylated DNA containing high affinity nucleosome positioning sequences. Gradual dialysis of
the assembly reaction to low salt causes spontaneous assembly of octameric nucleosomes on the
DNA, which can then be coupled to streptavidin-coated magnetic beads. Following their recovery
from egg extract, centromere and kinetochore protein recruitment or spindle assembly on
chromatin-coated beads is assessed by immunofluorescence. b Schematic of CENP-A and H3
domains. Reconstitution of chromatin from chimeric histones in which domains of CENP-A have
been exchanged with the corresponding domains of H3 provides a method for understanding the
roles of specific CENP-A domains in centromere function. c The DNA substrate for chromatin
reconstitution contains nineteen high affinity “601” nucleosome positioning sequences. Performing
the reconstitution with higher concentrations of histone (2 lM) results in “saturated” chromatin
arrays in which every positioning site is occupied by a CENP-A nucleosome. At lower
concentrations (0.5 lM), only a subset of the sites are occupied, yielding “subsaturated” chromatin
arrays. In egg extract, H3 nucleosomes assemble at these unoccupied sites resulting in mixed
CENP-A/H3 arrays that may more accurately reflect the admixture of CENP-A and H3
nucleosomes observed at centromeres in vivo

68 B.T. French and A.F. Straight



mononucleosomes and tandem nucleosome arrays (Guse et al. 2011; Yoda et al.
2000) (Fig. 4a). Using this approach, we altered both the composition and density
of nucleosomes in the chromatin template underlying the centromere to probe the
effects of centromeric chromatin composition on the CENP-A assembly process in
egg extract.

The ability of CENP-A to promote the assembly of the centromere and kine-
tochore arises from key structural features of the CENP-A molecule that differ from
H3 including the CATD—a loop and alpha helix within the histone fold domain
(Black et al. 2004)—and a six amino acid C-terminal extension (the CENP-A
C-terminus; CAC) (Carroll et al. 2010) (Fig. 4b). CENP-C and CENP-N are the
two proteins known to selectively bind CENP-A nucleosomes. The CATD was
shown to be the determinant in centromeric nucleosomes recognized by CENP-N
(Carroll et al. 2009), and CENP-C recognizes the CAC (Carroll et al. 2010).
Hydrophobic amino acids in the CAC contact hydrophobic residues in a conserved
domain of CENP-C termed the “CENP-C motif” while basic amino acids in the
CENP-C motif interact with negatively charged amino acids on H2A/B termed the
“acidic patch”(Kato et al. 2013).

By generating chromatin arrays that contained chimeric nucleosomes with the
CATD domain and/or the CAC replacing the corresponding domains of histone H3,
we determined the functions of those CENP-A domains in promoting CENP-A
assembly. Consistent with the essential role of CENP-C in CENP-A assembly,
reconstitution of CENP-A assembly on chimeric templates requires the CAC
(Westhorpe et al. 2015). However, M18BP1 localization and CENP-A assembly are
only supported by chimeras containing both the CATD and the CAC (Westhorpe
et al. 2015). This suggests a CATD-binding protein like CENP-N—whose role has
been implied in cell-based studies (Carroll et al. 2009)—may be required, or that
CENP-A assembly machinery itself recognizes CATD-containing chromatin
(Sandmann et al. 2017). As nascent CENP-A requires the CATD for
HJURP-mediated incorporation into chromatin (Foltz et al. 2009; Fachinetti et al.
2013; Logsdon et al. 2015), extract reconstitution provides an advantage over
similar cell-based experiments that cannot distinguish such separate roles for the
CATD in HJURP recognition and localization of the CENP-A assembly machinery.

Reconstituted chromatin also affords the opportunity to ask how the density of
CENP-A nucleosomes contributes to CENP-A assembly. Centromeric nucleosomes
are partitioned equally between sister chromatids during DNA replication in the
absence of new CENP-A assembly (Jansen et al. 2007), with H3.3 proposed to fill
the “gaps” in centromeric chromatin left by this redistribution (Dunleavy et al.
2011) (Fig. 3c). Performing chromatin reconstitution with lower histone concen-
trations results in nucleosome arrays that are “subsaturated,” and egg extract
assembles H3 nucleosomes in the gaps between CENP-A nucleosomes (Westhorpe
et al. 2015) (Fig. 4c). While new CENP-A assembly occurs to some degree on
chromatin templates that are saturated with CENP-A, it is twice as efficient on
templates only 40% saturated with CENP-A (Westhorpe et al. 2015). This could
reflect a role for H3 nucleosome disassembly in the CENP-A assembly process
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(Dunleavy et al. 2011), and may suggest the existence of mechanisms to distinguish
CENP-A from H3 nucleosomes.

Reconstitution of nucleosome arrays with different histone compositions has
provided several insights into centromere assembly, but relatively untapped is the
role of DNA sequence in centromere specification. Nucleosome arrays can be
reconstituted on arbitrary DNA sequences, providing an ideal tool for addressing
this question. In cells, human artificial chromosome formation requires CENP-B
box-containing alpha satellite sequences (Ohzeki et al. 2002; Masumoto et al.
1998). Recently, mass spectrometry analysis of bacterial artificial chromosomes
(BACs) containing human a-satellite DNA recovered from egg extract revealed
association of several centromere proteins including CENP-A, suggesting
sequence-dependent, de novo centromere assembly may be recapitulated in egg
extract (Aze et al. 2016). Understanding the role of DNA sequence in centromere
maintenance and neocentromere formation represents an important goal for the
field.

3.2 CCAN Assembly

An essential function of CENP-A chromatin is to assemble the CCAN which serves
as the platform for kinetochore assembly in mitosis (Fig. 1). Experiments in frog
egg extract in which purified plasmid DNA was coupled to beads and added to
metaphase extract showed that DNA alone promotes the formation of bipolar
microtubule spindles. However, these DNA beads could not support the formation
of a centromere or kinetochore (Heald et al. 1996). However, if CENP-A nucleo-
somes are preassembled on DNA before addition to egg extract then beads coated
with CENP-A chromatin acquire the capacity to form centromeres and kinetochores
that attach to microtubules and elicit mitotic arrest in response to microtubule
depolymerization (Guse et al. 2011). This reconstituted chromatin system demon-
strates that CENP-A is sufficient to build a functional centromere in frog egg extract
and provides a powerful tool to study how CENP-A specifies centromere and
kinetochore assembly.

Two CCAN proteins, CENP-C and CENP-N, bind directly to CENP-A nucle-
osomes (see above) and, through interactions with other centromere proteins, recruit
the other members of the CCAN to assemble the constitutive centromere (Fig. 1).
A key advantage of egg extract is that their functions in CENP-A nucleosome
assembly can be uncoupled from their functions in CENP-A nucleosome assembly.
Whereas the epigenetic inheritance of CENP-A requires both the CATD and the
CAC (see above), chromatin reconstituted with chimeric histones containing only
the CAC is sufficient for centromere and kinetochore assembly in mitotic extracts
(Guse et al. 2011). These kinetochores bind microtubules and exhibit spindle
assembly checkpoint activity (Guse et al. 2011). Despite direct binding of CENP-N
to the CATD (Carroll et al. 2009), CAC-containing chimeras recruit more CENP-N
in extract than CATD-containing chimeras, suggesting that CENP-C provides the
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critical link between centromeric chromatin and the CCAN (Guse et al. 2011).
Multivalent interactions between CENP-C and several CCAN components
including CENP-N could stabilize their localization to centromeres. Work in several
labs is beginning to elucidate this complex network of interactions with purified
proteins and how their collective assembly gives rise to selective centromere for-
mation at CENP-A chromatin (McKinley et al. 2015; Hinshaw and Harrison 2013;
Nishino et al. 2012; Weir et al. 2016; Basilico et al. 2014; Pesenti et al. 2016; Klare
et al. 2015).

Cell-based studies have indicated that the mode of CENP-C recruitment changes
from mitosis to interphase (Nagpal et al. 2015; Kwon et al. 2007), suggesting that
CENP-C localization may be influenced either by cell cycle-regulated
post-translational modification or by changes in the configuration of chromatin
during chromosome condensation. In addition, the presence of H3 nucleosomes
interspersed with CENP-A nucleosomes in centromeric chromatin may influence
centromere assembly. Direct manipulation of chromatin configurations or of the
amount of H3 at centromeres is not possible in vivo. But by reconstituting sub-
saturated chromatin templates (Fig. 4c), we have shown that the mechanism of
CENP-C localization can change with the density of CENP-A nucleosomes at the
centromere. Reconstituted chromatin saturated with CAC-containing chimeric
nucleosomes recruits CENP-C similar to wild-type CENP-A chromatin (Westhorpe
et al. 2015; Guse et al. 2011). In subsaturated arrays where chimeric CENP-A
nucleosomes are interspersed with H3 nucleosomes; however, the CAC is not
sufficient for full CENP-C recruitment (Westhorpe et al. 2015). In this case, the
CATD is also required to recruit the same amount of CENP-C as CENP-A chro-
matin. CENP-C contains two nucleosome binding motifs (Kato et al. 2013) in
addition to a dimerization motif (Sugimoto et al. 1997) and therefore may be able to
engage adjacent CENP-A nucleosomes and localize exclusively by the CAC where
the CENP-A density is high. At lower CENP-A densities, it may require interac-
tions with other CCAN components such as CENP-N for robust localization.
Additional studies are required to understand this regulation, and more detailed
studies of in vivo chromatin organization will shed light on the biological relevance
of different saturation states. However, alteration of centromere protein recruitment
in response to chromatin organization poses an exciting possibility.

3.3 Kinetochore Assembly

The primary function of the centromere and kinetochore in mitosis is to couple
chromosomes to the mitotic spindle and translate the force generated by depoly-
merizing microtubules into chromosome segregation (Cheeseman 2014). For many
years, it was unclear how chromosomes were coupled to depolymerizing micro-
tubules (Gudimchuk et al. 2013; Lombillo et al. 1995). Eventually genetic studies in
budding yeast demonstrated that the Ndc80 complex (composed of Ndc80, Nuf2,
Spc24, and Spc25) was required for microtubule attachment during anaphase (He
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et al. 2001; Wigge and Kilmartin 2001) (Fig. 1). But while vertebrate homologues
of Ndc80 and Nuf2 could be identified by homology, the vertebrate homologues of
Spc24/25 remained elusive. Unlike Ndc80 and Nuf2 mutants, Spc24/25 mutants in
yeast not only failed to bind microtubules but also failed to arrest at the spindle
assembly checkpoint in response to lack of microtubule attachment (Janke et al.
2001), highlighting the importance of characterizing the entire vertebrate Ndc80
complex. And although many parts of the centromere and kinetochore are con-
served from yeast to vertebrates, it was not clear the microtubule-binding mecha-
nism would be the same between yeast point centromeres, in which a single
CENP-A nucleosome form the microtubule-binding site, and the larger, regional
centromeres of vertebrates.

Egg extract provides concentrated starting material for biochemical purification
of intact protein complexes, facilitating the identification of functionally related
proteins. Using antibodies raised against Xenopus Ndc80 and Nuf2, McCleland and
colleagues purified the 190-kD Ndc80 complex from Xenopus egg extract and
demonstrated it was composed of four species: Ndc80, Nuf2, and highly divergent
homologues of Spc24/25 (McCleland et al. 2004). Purification and cloning of the
Xenopus proteins facilitated the cloning of the human genes and dissection of their
functions in chromosome microtubule attachment and metaphase alignment in vivo
(Bharadwaj et al. 2004; Ciferri et al. 2008).

The Ndc80 complex is the major microtubule-binding component of the KMN
network, comprised of three subcomplexes: KNL1, which also binds microtubules
and serves as the platform for spindle assembly checkpoint signaling (see below);
Mis12, which connects the KMN network to the underlying centromere; and Ndc80
(Fig. 1). Purification and reconstitution of the Ndc80 complex demonstrated that
cooperative arrays of Ndc80 maintain attachment to individual microtubules
(Alushin et al. 2010; Ciferri et al. 2008). Reconstitution of the entire KMN network,
however, synergistically enhances in vitro binding to purified microtubules
(Cheeseman et al. 2006). An outstanding problem is understanding the basis for this
synergy, as well as to understand how this cooperation plays out during chromo-
some segregation and gives rise to the mechanical properties of the kinetochore
under load, a problem extract is well suited to address (see below). Overall, these
studies support the model that microtubule binding by the kinetochore is largely
conserved between yeast and vertebrates and the proposal that regional centromeres
may effectively function as an array of point centromeres (Zinkowski et al. 1991).

Essential to proper chromosome segregation is that kinetochore assembly is
restricted to the single centromeric locus (Westhorpe and Straight 2015). De novo
centromere assembly in conjunction with immunodepletion studies have made
extract an ideal system for dissecting how centromere proteins assemble the
kinetochore. This has been particularly useful to address different models regarding
the relative contributions of CENP-C and another essential CCAN component,
CENP-T, to kinetochore recruitment (Basilico et al. 2014; Nishino et al. 2013; Rago
et al. 2015) (Fig. 1). Centromeres on demembranated sperm rapidly assemble
CENP-C upon incubation in metaphase extract (Milks et al. 2009). CENP-T does
not localize to these centromeres until interphase, but then persists at centromeres
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after extract cycles into the next mitosis (Krizaic et al. 2015). This feature provides
a convenient system for separating the respective contributions of CENP-C and
CENP-T to kinetochore assembly.

In the absence of CENP-T, immunodepletion of CENP-C results in complete
loss of Mis12 complex and spindle assembly checkpoint components in metaphase
extract (Milks et al. 2009). By interacting with the CENP-C N-terminus, the Mis12
complex bridges the CCAN and the KMN network (Milks et al. 2009; Petrovic
et al. 2010, 2014, 2016; Przewloka et al. 2011; Screpanti et al. 2011). In cycled
mitotic extract in which both CENP-C and CENP-T localize to centromeres,
CENP-C depletion only partially reduces Mis12 and Ndc80 localization (Krizaic
et al. 2015). In turn, depletion of CENP-T also results in decreased Mis12 and
Ndc80 localization (Krizaic et al. 2015), complementing in vitro studies where
CENP-T binds both these components (Huis In ’t Veld et al. 2016; Gascoigne et al.
2011; Nishino et al. 2013). While this supports a model in which CENP-C and
CENP-T recruit Mis12 and Ndc80 by separate mechanisms, CENP-T localization is
largely lost upon CENP-C depletion (Krizaic et al. 2015). This supports an
emerging model that CENP-C plays a predominant role in organizing both the
Mis12-Ndc80 and CENP-T-Ndc80 branches of kinetochore assembly (Klare et al.
2015), and suggests that additional factors contribute to kinetochore recruitment.

Our understanding of how the CCAN promotes kinetochore assembly and
microtubule binding is still emerging. Efforts over the last decade to reconstitute
kinetochore complexes with purified proteins have culminated in reconstitution of
kinetochore particles comprising the KMN network bound to CENP-CHIKMLN
bound to CENP-A mononucleosomes (Weir et al. 2016). This work demonstrated
that the presence of the CCAN enhances in vitro microtubule binding by the KMN
network, raising new questions about how these components integrate to form
stable, load-bearing microtubule attachments. Moving forward, egg extract offers a
powerful and unique system in which such detailed biochemical analyses of
microtubule binding and kinetochore structure can be directly coupled to pheno-
typic assays of spindle formation and chromosome segregation by supplementation
of extract with purified proteins.

3.4 The Spindle Assembly Checkpoint

Another essential function of the kinetochore is its ability to monitor and regulate
microtubule attachment to ensure biorientation, or attachment to opposite spindle
poles (Cheeseman 2014). Inter-kinetochore tension generated at bioriented chro-
mosomes by opposing microtubule-pulling forces has been proposed to regulate
microtubule dynamics and attachment which, in turn, regulates the
metaphase/anaphase transition via the spindle assembly checkpoint (SAC).
The SAC delays exit from mitosis in response to unattached kinetochores by
inhibiting the E3 ubiquitin ligase activity of the anaphase promoting complex
(APC) to permit establishment of biorientation (Lara-Gonzalez et al. 2012).
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Disruption of the SAC in cells frequently results in chromosome missegregation
and death.

Reconstituting spindle assembly checkpoint function in vitro generally poses a
particular challenge because it requires reconstitution of both the
kinetochore-microtubule interface and cell cycle regulation. These features, how-
ever, are easy to recapitulate in egg extract. Assembly of checkpoint protein
complexes at kinetochores can be measured by immunofluorescence or biochemi-
cally. Furthermore, exit from mitosis in extract is easily monitored using radioactive
kinase assays to measure the decline of Cdk activity where SAC activation presents
as a delay in calcium-induced loss of Cdk phosphorylation.

Although the SAC is inactive in the early embryo and in extracts containing
lower amounts of sperm chromatin, egg extract recapitulates the mitotic checkpoint
when sperm is increased to 9000 sperm/lL (Minshull et al. 1994). SAC activation
upon increased sperm concentration reflects a proportionality between the amount
of checkpoint signal generated and the number of unattached kinetochores in the
cytoplasm (Collin et al. 2013; Heinrich et al. 2013). While several genes required
for spindle assembly checkpoint function had been identified in budding yeast
(Hoyt et al. 1991; Li and Murray 1991), the molecular nature of the SAC signal and
the mechanism by which the SAC monitored biorientation were unknown at that
time (Minshull et al. 1994).

Xenopus Mad2 was among the first SAC components identified in vertebrates
(Chen et al. 1996) (Fig. 5). Crucial to demonstrating the role of Mad2 in checkpoint
arrest, immunodepletion of Mad2 from egg extract results in failure to delay mitotic
exit upon nocodazole treatment, whereas supplementation with purified Mad2
stimulates mitotic arrest (Li et al. 1997; Fang et al. 1998). Unattached kinetochores
recruit Xenopus Mad2 (Chen et al. 1996) and catalyze the formation of a soluble
inhibitory complex: the mitotic checkpoint complex (MCC; Fig. 5), comprised of
Mad2, Bub3, BubR1, and the APC co-activator subunit Cdc20 (Li et al. 1997; Fang
et al. 1998; Rieder et al. 1995). Co-purification from extract and structural analyses
have shown the MCC binds the APC as a pseudo-substrate, blocking cyclin
degradation while simultaneously sequestering Cdc20 which is required to initiate
anaphase (Fang et al. 1998; Izawa and Pines 2015). Association of the MCC with
the APC ultimately leads to ubiquitination and degradation of Cdc20 followed by
recycling of MCC components, resulting in robust but rapidly reversible inhibition
of mitotic exit.

The ability to directly supplement egg extract with purified proteins afforded the
first opportunity to investigate the role of Mad2 conformational changes in
checkpoint control. Assembly of Mad2 into the MCC requires its conversion at
unattached kinetochores from an “open” conformation to a “closed” conformation
(Lara-Gonzalez et al. 2012; Luo et al. 2004) (Fig. 5). Purification of recombinant
Mad2 from bacteria yields two forms: a monomeric, inactive form and an active,
oligomeric form (Fang et al. 1998). Addition of monomeric Mad2 (“open” Mad2)
to egg extract fails to stimulate checkpoint arrest; however, the conformation of
oligomeric Mad2 recapitulates that of “closed” Mad2 and inhibits APC activity
(Fang et al. 1998). The ease with which kinetochores can be manipulated in extract
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and chromatin isolated has facilitated dissection of the catalytic cycle occurring on
kinetochores by which Mad2 coverts between “open” to “closed” forms, a cycle
which largely governs the responsiveness of the SAC to microtubule attachment.

Arguably the most important question regarding the spindle assembly check-
point is how the kinetochore senses the status of its attachment to microtubules.
This appears to be mediated in part by a kinase, Mps1, which binds competitively to
the microtubule-binding surface of Ndc80 to identify unattached kinetochores
(Hiruma et al. 2015; Ji et al. 2015) (Fig. 5). Mps1 phosphorylation of KNL1
promotes assembly of SAC proteins including Mad2 (Abrieu et al. 2001; Chen
2002; Zhao and Chen 2006; Hewitt et al. 2010). In addition, the absence of tension
between kinetochores that are not bioriented promotes disassembly of improper
microtubule attachments, contributing indirectly to SAC function. Because tension
and microtubule attachment are intimately linked in vivo, however, it has been
challenging to dissect their separate contributions to regulation of microtubule
attachment and to SAC function. Indeed, elongation of Ndc80 experiencing tension
along the kinetochore axis may directly affect SAC function by separating Mps1
from KNL1 and preventing its phosphorylation (Wan et al. 2009; Aravamudhan
et al. 2015). While the role of tension in stabilizing kinetochore microtubules and
regulating anaphase onset was first described fifty years ago in micromanipulation
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studies of grasshopper spermatocyte chromosomes (Nicklas and Koch 1969), in the
absence of straightforward methods to simultaneously manipulate tension applied to
kinetochores and perturb centromere/kinetochore composition, tension-dependent
changes in kinetochore function have been challenging to dissect.

Purification and micromanipulation of yeast kinetochores have begun to provide
insight into novel mechanisms by which tension stabilizes kinetochore micro-
tubules (Akiyoshi et al. 2009, 2010; Miller et al. 2016). However, tolerance of the
host to mutation of kinetochore components is still a limitation of this method. This
limitation does not apply in egg extract, where tension can be applied directly to
sperm or reconstituted kinetochores (Almagro and Dimitrov 2005; Yan et al. 2007).
Extract also affords the unique opportunity to understand how cytoplasmic factors
or those that do not copurify with kinetochores may contribute to their response to
tension. In egg extract, Aurora substrate phosphorylation or SAC activation can be
monitored directly, permitting careful measurement of force-response curves that
would provide a quantitative, molecular description of how microtubule
dynamics/attachment and cell cycle arrest are regulated by tension, measurements
that have been challenging to make in vivo. Biophysical studies of kinetochores in
egg extract will also provide a unique method for comparing the mechanical
properties of regional vertebrate centromeres to the point centromeres of budding
yeast.

4 Conclusion

Reconstitution studies have given us tremendous insight into the many functions of
the centromere and kinetochore. Egg extract in particular has provided a versatile
system for probing these questions biochemically because of the ease with which
the composition of centromere, the composition of the cytoplasm, and the cell cycle
state can be controlled. Extract is unique in its ability to capture the dynamically
regulated aspects of this structure in vitro.

Historically, extract has been valued for the opportunity to validate observations
by comparing processes reconstituted in vitro with the corresponding processes in
Xenopus tissue culture cells or in intact embryos. Because of the difficulties asso-
ciated with genetic manipulations in Xenopus, however, most in vivo work has
shifted to human tissue culture cells or other model systems. But with the recent
publication of the Xenopus laevis genome (Session et al. 2016) and rapid innova-
tions in gene editing technologies, a new dawn for in vivo studies of chromosome
segregation in frogs could lie ahead. The ability to genetically encode tagged
centromere proteins would also circumvent the often laborious process of antibody
generation that precedes most work in extract.

Our ability to reconstitute functional kinetochores from purified components has
progressed from a pipe dream of the 1960s and 70s to reality. Although many
questions remain regarding centromere recognition, centromere propagation, and
kinetochore assembly and function, integrating reconstitution of specific structures
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from purified proteins with reconstitution of dynamic and cell cycle-regulated
aspects of chromosome segregation in extract offers a wide array of possibilities for
probing their mechanisms.
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Centrochromatin of Fungi

Steven Friedman and Michael Freitag

Abstract The centromere is an essential chromosomal locus that dictates the
nucleation point for assembly of the kinetochore and subsequent attachment of
spindle microtubules during chromosome segregation. Research over the last dec-
ades demonstrated that centromeres are defined by a combination of genetic and
epigenetic factors. Recent work showed that centromeres are quite diverse and
flexible and that many types of centromere sequences and centromeric chromatin
(“centrochromatin”) have evolved. The kingdom of the fungi serves as an out-
standing example of centromere plasticity, including organisms with centromeres as
diverse as 0.15–300 kb in length, and with different types of chromatin states for
most species examined thus far. Some of the species in the less familiar taxa
provide excellent opportunities to help us better understand centromere biology in
all eukaryotes, which may improve treatment options against fungal infection, and
biotechnologies based on fungi. This review summarizes the current knowledge of
fungal centromeres and centrochromatin, including an outlook for future research.

1 Introduction

The location of centromeres is functionally defined by the presence of a specialized
histone H3 variant, CENP-A, or the presence of kinetochore complex components
(Cleveland et al. 2003; Ohzeki et al. 2015). This hypothesis has been confirmed in
the overwhelming majority of eukaryotes with canonical chromatin, i.e., DNA
wrapped around nucleosome cores formed by histones. Much recent work has
focused on the recruitment and maintenance of CENP-A, the constitutive
centromere-associated network (CCAN), which forms the inner kinetochore,
and the KNL1-MIS12-NDC80 complexes (KMN), which form the outer
kinetochore and serve as the attachment point of chromatin to the microtubule
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spindles. In combination, the CCAN and KMN form the “kinetochore interaction
network” (KIN); the fungal KIN has been reviewed recently (Freitag 2016).
The “centromere” has come to denote DNA and DNA-binding chromatin pro-
teins, whereas “kinetochore” has come to mean proteins that do not directly
contact DNA (Fukagawa and Earnshaw 2014), though this is an arbitrary
division.

Based on the functional definition, “regional” centromeres are epigenetically
determined, which holds true in most organisms studied. Notable exceptions are
yeasts in the Saccharomycetaceae, in which “point” centromeres with specific DNA
sequence features are the rule. This apparent conflict in how centromeric DNA
sequences are recognized during the deposition of centromere and kinetochore
proteins raises many questions about the role of centromere sequence: What are the
defining features of the underlying centromere sequences? How has the centromeric
DNA sequence affected the evolution of centromere proteins, their epigenetics, and
the structure of kinetochore proteins that interact with this locus? What mechanisms
keep centromeres at the same locus on a chromosome across many generations? We
will address some of these questions in this chapter on fungal centromeric DNA and
centromeric chromatin, or “centrochromatin” (Sullivan and Karpen 2004). As
high-throughput sequencing has improved, many novel genomes from diverse taxa
are being assembled, and the extent of centromere sequences examined in detail is
increasing rapidly. New technologies also enable us to turn species with few tra-
ditional genetic or molecular resources into model organisms, which allows us to
address specific questions at a mechanistic level. The combination of new
sequencing, proteomics, and cytological techniques are thus providing a more
complete picture of what is required to faithfully segregate chromosomes, and the
fungi prove to be a very diverse kingdom to study. By the end of this decade, well
over 1000 different taxa will have complete or almost complete genome sequences
available (see the “1000 Fungal Genomes Project”; http://1000.fungalgenomes.org/
home/), perhaps the best sampling of an entire kingdom.

The Mycota, or fungi, span a wide range of lifestyles and serve important roles
in biotechnology and biomedical research. Fungi also include some of the most
devastating plant diseases that threaten food supplies on a regular basis, in addition
to animal and human pathogens that are especially dangerous to immunocompro-
mised patients. Saccharomyces cerevisiae, the budding or bakers yeast, is the best
studied fungus because of its widespread use in the food, beverage, industrial, and
biofuel industries, as well as its history as a model organism for genetics and cell
biology. The fission yeast, Schizosaccharomyces pombe, is only distantly related to
budding yeast and has become a prominent research organism for the study of
mitosis and meiosis, DNA repair, chromatin, and chromosome structure. Two fil-
amentous fungi, Neurospora crassa and Aspergillus nidulans, are classic genetic
model organism instrumental for the development of biochemical genetics and
eukaryotic molecular biology. Aspergillus niger is an industrial workhorse that
produces many enzymes and most of the citric acid used in the world. In addition,
there are lignocellulose degrading fungi, like the ascomycete Trichoderma and the
basidiomycete Phlebia, that are used for the production of biofuels and enzymes.
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An increasing number of fungi are studied as pathogens to humans, animals, plants,
and even other fungi. Human fungal pathogens, like Cryptoccocus neoformans,
Candida albicans, and Aspergillus fumigatus, are known for infecting mostly
immunosuppressed patients. There is a shortage of effective antifungal treatments
(Kilani and Fillinger 2016), which is especially critical when treating infections
with basal taxa, like the “zygomycete” Mucor circinelloides and other members of
this large and diverse group (Riley et al. 2016). Plant pathogenic fungi, such as
Zymoseptoria tritici, Magnaporthe oryzae, and members of the diverse genus
Fusarium, pose recurring problems to agriculture, causing devastating and costly
diseases of all major industrial crops. By their diversity of lifestyles and uses fungi
have far reaching impacts on humanity through their roles in biotechnology and
biomedicine.

Centromere and kinetochore research in fungi has been focused intensely on the
classical genetically and molecularly accessible workhorses, S. cerevisiae and S.
pombe. More recently, work on the human pathogens, C. albicans and C. neo-
formans, the best-studied model for filamentous fungi, N. crassa, as well as the
plant pathogens Fusarium and Z. tritici has revealed highly diverse centromere
arrangements and sets of kinetochore proteins within the kingdom. As more is
understood about centromere dynamics in human, animal, and plant populations,
and particularly in human cancer cells, a diverse set of fungi may provide key
insights as genetically, cytologically, and biochemically tractable systems. Future
research on the centromeres of more basal lineages, fungi previously called “zy-
gomycetes” (see http://zygolife.org/home/) and “chytrids” that have now been split
into several large groups, will provide an unprecedented look into the diversity of
functional centromeres and kinetochores across a whole kingdom. Preliminary
results indicate that fungal pathogens have sufficiently divergent kinetochores,
allowing for some components of this critical complex to be utilized as drug targets
in human and agricultural pathogens (Sanyal 2012). Improved understanding of
centromere biology in industrially relevant fungi promises new methods of genome
engineering with stable minichromosomes and multi-organism shuttle vectors. Here
we highlight what is known—and what remains unknown—about centromeric
DNA sequences and centrochromatin of fungi by examining representatives of
major taxa to compare and contrast the genetic and epigenetic requirements for
proper chromosome segregation.

2 Centromeric DNA Sequence: Many Ways to Shape
a Remarkable Genetic Locus

Diversity is a hallmark of centromeres. Centromere sequences range from discrete
sequence motifs in S. cerevisiae, and related fungi, to the megabase-long arrays of
simple repeats in human, many animal, and plant centromeres. In depth studies of
model organisms have revealed features of centromeric DNA sequences, including
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AT-richness and a propensity for repetitive elements, which seem to be conserved
in many—but not all—eukaryotes. Centromeres are split into two broad categories,
“point” and “regional” centromeres, based on the role of DNA sequences in cen-
tromere function and on the number of spindle microtubules recruited to the cen-
tromeric region of each chromosome.

2.1 The Dark Matter of Fungal Centromeres Lies
in the Basal Lineages

The 1000 Fungal Genomes Project allows for an unprecedented look into the extent
of centromere diversity in any kingdom by providing a resource to examine the
variability of centromere sequences and conservation of kinetochore proteins. In
addition to the traditional model organisms discussed below, we now have access to
the genomes of many pathogens of interest for plant, animal, and human health
studies. While this work is still underway, preliminary results support the idea that
the centromere is an extremely divergent chromosomal locus. The last common
ancestor of fungi split from the animals around *1.5 billion years ago, and the
most basal fungal lineages, the Microsporidia and Cryptomycota, separated from
the precursors of the “zygomycetes”, Ascomycota and Basidiomycota,*1.3 billion
years ago (Fig. 1) (Hibbett et al. 2007). Studies with the two most widely used
ascomycete yeast species were—and still are—trail blazing, yet the largest diversity
of the fungi is found in the other Ascomycota, Basidiomycota, and the more basal
and poorly studied “zygomycetes”, whose classification has recently been updated
(Spatafora et al. 2016). No molecular studies, e.g., by ChIP with CENP-A homo-
logs, have investigated the position of centromeres in the basal taxa (Fig. 1).
Widespread absence of CENP-A or CENP-C, like in some insects and try-
panosomes (Drinnenberg 2014; D’Archivio and Wickstead 2017), has not been
observed in fungi (S. Friedman and M. Freitag, unpublished results), suggesting
kinetochores that are similar to those in the Ascomycota and animals, though not all
of the constituents of the most centrochromatin-proximal KIN subcomplexes can be
identified by homology alone (Freitag 2016). Microsporidia are obligate com-
mensals or parasites found in many animals; they have reduced genome size and
mitochondrial function, and are overall poorly studied. Typical centromeric DNA
elements similar to those found in the ascomycetes have not been found in the taxa
for which high-quality genome drafts are available, e.g. the human parasite
Enzephalitozoon cuniculi (Meraldi et al. 2006) or Nosema spp., which infect bees,
silkmoth, and other insects (Pombert et al. 2013). Many taxa in the Mucormycotina
(e.g., Mucor circinelloides), Entomophthoromycotina (e.g., Conidiobolus corona-
tus, Basidiobolus ranarum) are opportunistic human pathogens that are difficult to
control once an infection has been established (Mendoza 2014; Riley et al. 2016).
Fungi in the Chytridiomycota (e.g., Batrachochytrium dendrobatidis) are
well-known pathogens of frogs (James et al. 2015; Rosenblum et al. 2013). For
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many of these species genomes are available, but these organisms are often difficult
to culture, have poorly developed molecular methods or genetics, and thus the
wealth of information on these diverse taxa has been largely inaccessible for cen-
tromere and kinetochore studies. To understand the diversity of fungal centromeres
and uncover underlying uniting principles more efforts should be directed toward
understanding the biology of basal fungi.

Fig. 1 Phylogenetic relationships between major clades of fungi, extent of CENP-A-enriched
regions, and centromere repeat structure of taxa that have been studied. Basal taxa, including the
microsporidia, chytrids and “zygomycetes” have not been examined at all (orange question
marks); species named are mentioned in the text and important animal or human pathogens. In the
Dikarya, Basidiomycota are not well studied; only Cryptococcus has been examined in detail and
presumed centromeric DNA has been identified by Hi-C in M. lychnidis-dioicae. Ascomycota
include several model organisms for genetics and molecular biology, e.g. budding yeast (S.
cerevisiae), fission yeast (S. pombe), the dimorphic opportunistic pathogen C. albicans, and the
molds A. nidulans and N. crassa. Evolution of point centromeres appears to be monophyletic in
the Saccharomycetaceae, as all other taxa have some form of regional centromere. In fission yeast
a conserved core region (yellow) is bordered by inner and outer repeats (blue chevrons), and a
similar arrangement has been found in C. tropicalis (green non-conserved regions flanked by
repeats). Repeats, either inverted or direct, are mostly absent from centromeric regions of other
Candida species and the Dothideomycete genus Zymoseptoria. There is a large knowledge gap
regarding centromeres in the industrially and medically important Eurotiomycetes—centromeric
regions have not yet been identified by ChIP with CENP-A in any of these species (blue question
mark). The Sordariomycetes that have been examined all have medium to large regional
centromeres consisting of retrotransposons or relicts of retrotransposons from various families
(colored chevrons). Based on sequence analyses of the most likely centromeric regions, several
Dothideomycete genera (Parastagonospora, Pyrenophora) and several Erotiomycetes
(Aspergillus, Talaromyces, Penicillium) seem to have centromeric regions that are similar to
those in Fusarium; the arrangement in Zymoseptoria appears to be atypical. Numbers indicate time
to last common ancestor in billion years
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2.2 Fission Yeast, Budding Yeast, and the Dimorphic
Candida as Models for Centromere Research

Earlier diverging species of ascomycetes fall into the Taphrinomycota. The fission
yeast, Schizosaccharomyces pombe, is one of the best studied model organisms,
whose centromeric core and pericentric regions range from 30 to 100 kb in size.
Well-defined pericentric flanking regions include the outer repeat (otr) and inner
most repeat (imr) surround the central core (cc or cnt; 4–7 kb) (Steiner,
Hahnenberger, and Clarke 1993), which contains the majority of nucleosomes with
CENP-ACnp1 (Thakur et al. 2015). The discovery of S. pombe centromeres showed
early on that fungi can have regional centromeres that do not depend on conserved
recognition sequences for kinetochore complexes, and that they can be excellent
genetic models for animal centromeres (Clarke 1998). The ill-conserved cc
sequences alone are not sufficient to allow de novo CENP-ACnp1 deposition and to
assemble a functional kinetochore (Folco et al. 2008). The otr and imr repeats are
tied to an siRNA-based pathway for de novo heterochromatin assembly that is also
involved in proper recruitment of cohesins for binding sister chromatids (Bernard
et al. 2001; Volpe et al. 2002; Hall et al. 2002; Allshire and Ekwall 2015). A role
for centromere sequence to generate cis-acting short or long noncoding RNA is a
novel concept that seems to be shared by other taxa as well (Choi et al. 2011; Koo
et al. 2016; Scott 2013; Du et al. 2010; Rosic and Erhardt 2016; Rosic et al. 2014).

Other species in the genus Schizosaccharomyces have been investigated as some
offer advantages for research on cell division or cell polarity. The genomes of S.
octosporus, S. japonicas, and S. cryophilus have been sequenced and comparisons
of centromere structure showed that S. japonicus, S. octosporus, and S. cryophilus
all have repeat elements in their centromeric regions but that the S. pombe cc
regions are not conserved and all repeat structures and arrangements are diversified
between these species (Rhind et al. 2011). Some repeats in the centromeric regions
of these species are longer than short reads obtained by high-throughput
sequencing, thus there still remains some uncertainty about the exact placement
and number of some repeat elements. Gene order and overall synteny around the
centromeric and pericentric regions between S. pombe and S. octosporus are con-
served (Rhind et al. 2011).

Almost 35 years ago, searches for centromere consensus sequences revealed that
the budding yeast, S. cerevisiae, has a genetically defined centromere with three
conserved Centromere Determining Elements (CDEI, CDEII, and CDEIII) (Clarke
and Carbon 1980; Clarke 1985). CDEI, an 8-bp palindromic sequence, is bound by
Cbf1 and CDEIII, a conserved 26-bp motif, is bound by the CBF3 complex,
interrupted by 75–86 bp of AT-rich CDEII sequence; Cbf1 and CBF3 are con-
served only in the Saccharomycotina. CDEI is not essential to form functional
centromeres and some mutations within CDEII are tolerated. CDEIII, however, is
essential to recruit centromere foundation and kinetochore proteins for proper
spindle microtubule attachment. Discoveries with budding yeast facilitated trail
blazing research into the requirements for kinetochore formation and “portable”

90 S. Friedman and M. Freitag



centromere signals (Biggins 2013). Candida glabrata has recognizable CDE
motifs, though swapping its CDE motifs with those of S. cerevisiae does not allow
for normal centromere function (Kitada et al. 1997), and the same is true for
Kluyveromyces lactis (Heus et al. 1994), though in both yeasts the cloned cen-
tromere elements stabilized plasmids with autonomously replicating sequences
(ARS), like in S. cerevisiae. Naumovozyma castellii, a related budding yeast,
contains CDE-like regions that have diverged even more from the consensus
sequence of CDEI-III of other budding yeasts (e.g., Ashbya gossypii (Dietrich et al.
2004), Vanderwaltozyma (Kluyveromyces) polyspora, and S. bayanus (Gordon
et al. 2011), but Naumovozyma species still utilize a CBF3 complex to recruit
kinetochore components (Kobayashi et al. 2015). This implies that the point cen-
tromeres of Saccharomycetaceae can undergo accelerated evolution or may have
evolved more than once (Fig. 1).

In addition to the presence of CDEs, kinetochores of S. cerevisiae bind a single
microtubule per chromosome (Winey et al. 1995; Gonen et al. 2012); together,
these two characteristics define what is a point centromere. The emergence of point
centromeres is considered to have occurred before the whole genome duplication
event that occurred in the ancestors of Saccharomyces, Candida glabrata, N.
castellii, and V. polyspora but after divergence of the “true” Candida species and
Komagataella phaffii (Pichia pastoris), which have short regional centromeres
(Gordon et al. 2011). The simplest model for regional centromeres is thus a “repeat
subunit model,” in which several point centromeres with attached kinetochores
attract binding of several spindle microtubules to a larger centromeric region
(Zinkowski et al. 1991; Joglekar et al. 2008). In summary, although the point
centromeres of budding yeast were discovered first, largely because of the genetic
tractability of the system, based on the combination of molecular and phylogenetic
evidence point centromeres of many Saccharomycotina represent a more recently
evolved state (Malik and Henikoff 2009).

Genome-wide analyses of many yeast genomes from the Saccharomycotina
suggested that searching for GC-poor troughs may indicate positions of cen-
tromeres. In Yarrowia lipolytica they coincide with the five experimentally iden-
tified centromeres (Vernis et al. 1999), in Pichia stipitis and Debaryomyces
hansenii the troughs contain clusters of the retrotransposon Tps5 (Lynch et al.
2010), and in Kuraishia capsulata, a nitrate-assimilating yeast more closely related
to K. phaffii (P. pastoris), 2–6 kb regions with a 200-bp conserved motif were
identified. These putative centromeres were confirmed as interacting regions by
chromosome conformation capture (3C) analysis (Morales et al. 2013) but ChIP
experiments with the CENP-A homolog were not carried out. In the methylotrophic
yeast Hansenula polymorpha AT-rich regions on the chromosomes were identified
but functional studies to validate centromeric regions are lacking (Ravin et al.
2013). In K. phaffii, however, mid regions are flanked by 2-kb inverted repeats on
all four chromosomes and have the highest occupancy of CENP-ACse4; some
CENP-ACse4 is also found within the flanking repeats. Because of the presence of
inverted repeats, the authors suggested the existence of a third type of centromere,
the regional “IR centromere” in addition to the classical point and the epigenetically
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determined regional centromeres (Coughlan et al. 2016). Yarrowia lipolytica, an
important species for biofuels research (Ledesma-Amaro, Dulermo, and Nicaud
2015), contains small (0.2–1.2 kb), AT-rich centromeres but conserved CDE1 and
CDEIII elements are lacking, suggesting that this may be the smallest regional
centromere found thus far (Fournier et al. 1993; Vernis et al. 2001).

The genus Candida includes some of the best studied human pathogens within
the fungi. Candida albicans and S. cerevisiae shared a common ancestor >145
million years ago, while C. albicans and C. dubliniensis diverged *20 million
years ago (Mishra et al. 2007). Recent work has thoroughly examined the cen-
tromeres of C. albicans, C. dubliniensis, C. lusitaniae, and C. tropicalis. Candida
albicans centromeres were identified by immunoprecipitation of DNA with anti-
bodies against CENP-ACse4, followed by cloning and sequencing (Sanyal et al.
2004). This direct identification of centromeric DNA showed that C. albicans has
small (*3–5 kb) centromeres composed of non-repetitive sequence elements that
are not conserved, even on chromosomes of the same strain or species (Fig. 1).
Syntenic centromeric regions have different sequences in C. dubliniensis and C.
tropicalis (Chatterjee et al. 2016; Padmanabhan et al. 2008). Centromere cores of C.
tropicalis are flanked by inverted repeats, similar to the organization found in S.
pombe and K. phaffii (Chatterjee et al. 2016). The seven centromeres of C. tropi-
calis are more similar than those of the other species, suggesting ongoing
homogenization by gene conversion (Chatterjee et al. 2016). In all Candida species
studied thus far, the core regions have the highest CENP-ACse4 occupancy, but
when (inverted) repeats are present they are often enriched with CENP-ACse4. At
the same time, Candida centromeres very likely have—like Saccharomyces and
other Saccharomycotina—a single kinetochore-microtubule spindle attachment per
chromosome (Joglekar et al. 2008; Burrack e al. 2011), thus blurring the line
between point and regional centromeres.

2.3 Filamentous Fungi Contain Diverse Types
of Centromeres

The filamentous fungi comprise most of the taxa in the basal lineages or Dikarya
(Fig. 1). In the fungi that have been used as model organisms for genetics, bio-
chemistry, and molecular biology (e.g., N. crassa, A. nidulans, and Coprinopsis
cinerea), centromere location on chromosomes had been determined by genetic
mapping. In N. crassa, a 16 kb region that mapped to the centromeric region of
LG VII was identified in a YAC library and sequenced (Cambareri, Aisner, and
Carbon 1998; Centola and Carbon 1994). Some of the inactive retrotransposons
appeared centromere-specific but after the genome of the most widely used lab
strain of N. crassa was sequenced (Galagan et al. 2003) it became clear that Tcen,
Tgl1, and Tgl2 regions also occur in subtelomeric regions and dispersed hete-
rochromatin (Selker et al. 2003). The approximate sizes of all centromeres were
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determined by genome sequencing as most of the centromeric and pericentric
regions were captured and correctly assembled (Borkovich et al. 2004). This was
aided by the presence of Repeat-Induced Point mutation (RIP), a premeiotic
mutator system that affects duplicated sequences as short as 150 bp (Selker 1990;
Gladyshev and Kleckner 2016). After RIP, both copies show transitions from C:G
to T:A, and a DNA methyltransferase homologue, called RID, is involved (Freitag
et al. 2002), though the process may not involve cytosine DNA methylation. RIP is
active in successive premeiotic cycles and continues as long as duplications show
more than *85% identity. While RIP need not be complete (i.e., some repeats may
“escape” one or several rounds of mutagenesis in individual strains), the effect on
the population is heterogenization of previously identical repeated retrotransposons.
This heterogeneity has made assembly of N. crassa centromeres tractable since the
extensive repeat structures confounding assembly in other long regional cen-
tromeres do not exist.

Neurospora has large, 170–300 kb, regional centromeres with high AT content
that are enriched with inactivated retroelements, much like the centromeres of
plants and animals, but unlike in plants and some animals satellite repeats are absent
(Smith et al. 2011). Based on ChIP-seq with CENP-ACenH3 the centromeric core
regions are surrounded by short (2–45 kb) regions of pericentric heterochromatin.
Limited examination of the Mauriceville strain showed large differences in the
centromere sequences (Pomraning et al. 2011). Further comparative studies on
DNA sequence variation within centromeres of different strains of N. crassa
revealed several different centromere sequence types that shaped the centromeres
within the pedigree of the most commonly used lab strain (Friedman and Freitag, in
preparation). SNP mapping shows that centromeres are passed on as intact
recombination blocks, lending further support to the long-standing hypothesis of
recombination suppression within and near centromeres (Beadle 1932; Choo 1998).
Gene conversion, however, does occur within centromeres of strains that are part of
a pedigree of laboratory strains, or even within centromeres during single crosses
(S. Friedman and M. Freitag, in preparation), as has also been observed in plants
and insects (Shi et al. 2010; Miller et al. 2016). Centromere sequence variation has
also been found in humans (Aldrup-MacDonald et al. 2016), and studies on natural
populations will add greatly to our understanding of centromere–kinetochore
evolution. Fungi seem the best-suited model organisms to use for these
investigations.

Taxa most closely related to Neurospora all have shorter regional centromeres,
with active or incapacitated retrotransposons, similar to those found in the putative
centromeric regions of Magnaporthe oryzae (Thon et al. 2006) and Verticillium
(Faino 2015; Seidl et al. 2015). For many of these species CENP-ACenH3 has not yet
been mapped by ChIP-seq, though several species in the genus Fusarium (F.
graminearum, F. asiaticum, F. oxysporum, F. solani, F. fujikuroi) have been
examined more closely and revealed centromeric DNA of 50–80 kb. All have
centromeres that are enriched with retrotransposons, some of which appear to be
active. The centromeric regions also are more homogeneous within individual
strains and between species than those of Neurospora, showing numerous short
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direct and inverted repeats (L. Connolly, S. Shahi, M. Rep, L. Fokkens, S.-H. Yun
and M. Freitag, unpublished results). Like in Candida, centromeres of the sister
species are embedded in regions with high synteny, even though centromeric
sequence has diverged.

Genomes of several strains of the industrially important species Trichoderma
reesei and its sister species had been assembled on scaffolds (Martinez et al. 2008;
Schmoll et al. 2016; Mukherjee et al. 2013). Recent chromosomes conformation
capture (3C) followed by high-throughput sequencing (“Hi-C”) in combination
with information from the existing 77 contigs allowed mapping to seven super-
scaffolds by application of the GRAAL algorithm (Marie-Nelly et al. 2014). As this
algorithm makes no a priori assumptions about centromere clustering (which is
often seen in fungi, see below), the application of Hi-C techniques in the near future
will allow the precise mapping and assembly of centromeres of many fungi. This
technique will be faster and far more accessible for organisms for which tagging of
CENP-A homologues or production of antibodies for ChIP-seq is too expensive or
cumbersome.

Centromeres of Eurotiomycetes, a medically and industrially important class of
ascomcyetes, are ill-described. Centromeric sequences from important industrial
genera such as Penicillium or the human pathogens Histoplasma and Coccidioides
remain unknown. Centromere location for species of the genus Aspergillus is
conserved and largely syntenic (Fedorova et al. 2008), though centromere sequence
has not been assembled yet. ChIP-seq with a tagged CENP-ACenH3 protein followed
by assembly or mapping found the predicted edges of the centromeres but was
insufficient to assemble the complete regions, suggesting the presence of
near-identical long repeats (L. Connolly, J. Larsen, K. Smith, S. Osmani and M.
Freitag, unpublished results). These had been predicted based on analyses of repeat
elements, e.g., the Dane1 and Dane2 LTR elements (Aleksenko et al. 2001). Based
on comparative genomics, centromeric regions are thought to be between 8 and
80 kb long (Fedorova et al. 2008).

The Dothideomycetes harbor some destructive pathogens, mostly of cereal
crops. In some species the locations of centromeres had been predicted based on the
longest AT-rich regions on each chromosome. Surprisingly, such predictions turned
out to be wrong for the genus Zymoseptoria, where most centromeres are not
associated with AT-rich DNA (Schotanus et al. 2015). Instead, ChIP-seq with Z.
tritici CENP-ACenH3 revealed short (5–10 kb) CENP-A enriched regions without
distinct sequence patterns; some centromeres contain expressed genes, while others
harbor active or silent retroelements. Studies with two sister species, Z. pseudotritici
and Z. ardabiliae, yielded similar results and also revealed the presence of at least
two dicentric chromosomes (K. Schotanus, E. Stukenbrock and M. Freitag, in
preparation). The surprisingly short and variable centromeres of this clade of true
filamentous fungi will require future functional studies. This genus presents a
molecular model for co-evolution of a pathogen (Z. tritici) with a domesticated host
(wheat), while wild grass pathogens within the genus Zymoseptoria can serve as
comparison.
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Among the Basidiomycota only Cryptococcus neoformans var. grubii has been
examined in any detail for centromere sequences, both by sequence comparisons
and ChIP-seq with CENP-C (Loftus et al. 2005; Janbon et al. 2014). These regions
are between 20 and 65 kb long and enriched for active or disabled Tcn1-Tcn6
retrotransposons. Flanking regions between C. neoformans var. grubii and C.
neoformans var. neoformans are mostly syntenic though the chromosome num-
bering is changed between the two subspecies, and a similar arrangement was
observed with the more distantly related C. gattii (Janbon et al. 2014). These
centromeric regions are not heavily, if at all, transcribed. Mapping of CENP-C
showed that this centromere foundation protein binds to a core region within the
centromeric and pericentric region, covering *5 kb on CEN14 (Janbon et al.
2014). Microbotryum lychnidis-dioicae (Pucciniomycotina) has been sequenced by
PacBio long sequencing read methods and the almost complete sequence predicts
repeat-rich centromeres of *100 kb (Badouin et al. 2015). As in many other
genomes, the large contigs of several chromosomes show breaks within the cen-
tromeres. The well-studied Ustilago maydis seems to have short centromeres that
are associated with ARS sequences (Meksem et al. 2005; Kamper et al. 2006) but,
again, no detailed studies have been undertaken.

The classic genetic model organisms are by far the best studied organisms as far
as fungal centromere sequences are concerned, and N. crassa is still one of the few
systems to allow study of the role of DNA sequences in fully assembled large and
repetitive centromeres. New genomics efforts, e.g., as part of the 1000 Fungal
Genomes Project, usually involve Illumina short-read sequencing. To build com-
plete assemblies this approach will need to be complemented with PacBio or
Oxford Nanopore methods (Thomma et al. 2016), though Hi-C methods may also
yield almost complete de novo genomes with centromeres identified as regions with
the strongest interchromosomal interactions (Marie-Nelly et al. 2014; Galazka et al.
2016). While these methods provide important information, the extent of cen-
tromeres should always be confirmed by examining the localization and cell
cycle-dependent behavior of the defining epigenetic marker, CENP-A, or other
conserved KIN proteins.

What emerges as a common theme from the investigation of short point or
regional centromeres in the Saccharomycotina and the longer regional centromeres
in Fusarium and Aspergillus is that genes surrounding the centromeric core or
repeat regions of related species are syntenic. This suggests that centromeric
sequences undergo mutation without repair at a higher frequency than the sur-
rounding sequences. What still remains to be determined is whether these obser-
vations imply positive selection toward functional sequence signals for deposition
of CENP-A (and the kinetochore) and thus specific adaptation or even speciation
(Malik and Henikoff 2002; Henikoff et al. 2001), or rather increased drift because
the location of CENP-A deposition is determined epigenetically by pre-existing
CENP-A nucleosomes, making DNA sequences immaterial. Investigations on
neocentromere formation and function of centrochromatin, outlined below, attempt
to shed light on this process.
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3 Centrochromatin

That centromeric chromatin is different from bulk chromatin had been suspected
since the realization that CENP-A is a variant of histone H3 (Earnshaw and
Rothfield 1985; Palmer et al. 1987, 1991). Because of the sparsity of genes,
enrichment of repeat elements and active or disabled retrotransposons, transcrip-
tional repression, and compaction during interphase, centrochromatin has long been
considered constitutive heterochromatin. This view was challenged when a mixture
of histone modifications that are associated with both active and silent states was
found in fission yeast, Drosophila, and human cells (Cam et al. 2005; Lam et al.
2006; Sullivan and Karpen 2004). Thus, together with euchromatin and hete-
rochromatin, “centrochromatin” seems to constitute a distinct third form of
chromatin.

The fundamental role of CENP-A in defining centromeres made this protein the
focus of studies in every organism in which CENP-A-containing centromeres have
been studied. Unlike the highly conserved canonical histone H3, CENP-A is rapidly
evolving, especially the N-terminal tail, Loop 1 of the histone fold domain (HFD),
and the CENP-A targeting domain (CATD), which are all involved in CENP-A
localization and kinetochore interactions; in fungi this has been studied in the
Taphrinomycotina (Folco et al. 2015), Saccharomycetacae (Baker and Rogers
2006), and Sordariomycetes (P. Phatale, S. Friedman and M. Freitag, unpublished
results). Studies with yeast and human cells have exposed the C-terminal tail as
important for recruitment of essential CCAN components, CENP-C and CENP-N
(Westhorpe et al. 2015; Carroll et al. 2010; Fachinetti et al. 2013; Fang et al. 2015).
The controversy about the shape and size of centromeric nucleosomes across
the cell cycle has been reviewed extensively (Biggins 2013), and is discussed
elsewhere. The balance of CENP-A nucleosomes and post-translationally modified
H3 nucleosomes is a topic of ongoing investigations; earlier studies uncovered roles
for histone modifications in de novo establishment of stable fission yeast cen-
tromeres (Folco et al. 2008). How histone modifications may aid in centromere
maintenance, however, remains to be uncovered in most organisms. Because the
complement of histone genes is very simple [in most fungi there are single genes for
H2A, H2B and H3, and only two genes encoding identical H4 proteins; (Hays et al.
2002)], and because most fungi are genetically and molecularly tractable organisms
this may be the area where they can contribute the most to advances in the near
future.

While there are some similarities among eukaryotes, most organisms have
evolved their own flavor of centrochromatin (Fig. 2). Thus, centrochromatin ranges
from a single nucleosome in the budding yeasts to dozens or hundreds of kilobases
of constitutive heterochromatin in the few filamentous fungi that have been
examined. Even though some CENP-ACse4 may incorporate into nucleosomes near
the single nucleosome that is well positioned over the CDEII element and, along
with the CBF3 complex, recruits the kinetochore, S. cerevisiae centrochromatin
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encompasses a single nucleosome (Biggins 2013). Functionally, however, the
region involved in chromosome segregation is much larger (Lawrimore et al. 2016;
Bloom 2014) and involves rapid exchange of canonical pericentric histones by
chromatin remodeling (Verdaasdonk et al. 2012).

Candida species contain sequence-independent, regional centromeres.
Centromere inactivation or deletion experiments in C. albicans demonstrated the
utility of this system for the study of “neocentromere” formation and inheritance
(Burrack and Berman 2012). Neocentromeres are previously naïve chromatin
regions that give rise to functional kinetochores competent for chromosome seg-
regation. Upon inactivation or deletion of the original centromeres, Candida neo-
centromeres form almost anywhere on the chromosome, though there is some
preference for pericentric and subtelomeric regions (Burrack et al. 2016; Koren
et al. 2010; Ketel et al. 2009; Thakur and Sanyal 2013). Like in S. cerevisiae,
centromeres and neocentromeres in Candida interfere with transcription of nearby
genes (Burrack et al. 2016), suggesting heterochromatin characteristics. The role of
histone modifications or other classical markers for heterochromatin in Candida is

Fig. 2 Types of centrochromatin in reference fungi with regional centromeres. Representative
species are arranged according to phylogeny (see Fig. 1). Species in the Sordariomycetes show
CENP-A-enriched regions (purple) that stretch across 30–50 kb; Neurospora seems to be an
exception with CENP-A-enriched regions that can be as long as 300 kb. In these species,
H3K4me2/3 (green) and H3K27me2/3 (orange) are absent from the CENP-A regions, while
H3K9me3 (red) nucleosomes and cytosine DNA methylation (5meC, blue) are interspersed with
CENP-A nucleosomes. The pericentric regions, defined by presence of 5meC and H3K9me3 but
absence of CENP-A, is usually short (5–20 kb). It is still unclear whether there is widespread
5meC in Fusarium species. Among the Dothideomycetes only Zymoseptoria species have been
examined, and their CENP-A-enriched regions are short (5–10 kb); none of the histone
modifications tested thus far are correlated with CENP-A enrichment; the relative enrichment of
histone modifications across all centromeric regions is shown by the arrangement of the colored
lines (i.e., H3K9me3 > H3K27me3 > H3K4me2). The two yeasts shown here, S. pombe and C.
neoformans, have similar distributions of CENP-A and H3K9me2 or -me3 enrichments.
Differences between the two species are the slight enrichment of H3K4me2 in the
CENP-A-enriched region and the absence of all H3K27me2/3 in S. pombe. Not all species are
capable to catalyze all chromatin modifications shown here (indicated to the left of the panels)
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unresolved; like S. cerevisiae, Candida lacks the conserved heterochromatin
pathways that rely on methylation of H3K9 and H3K27.

Heterochromatin, defined by the presence of H3K9 di- or trimethylation
(H3K9me2/3) in most and cytosine DNA methylation in many organisms, is a
shared characteristic of most regional pericentric or centromeric regions. In S.
pombe, the RNAi machinery is essential to recruit H3K9me2 to the pericentric
repeat and help to incorporate CENP-ACnp1 on naïve plasmid sequences (Folco
et al. 2008), though the significance of the RNAi pathway in centromere function
during the normal cell cycle is still uncertain. Once assembled, the heterochromatin
machinery (the histone methyltransferase Clr4SUV39 and the H3K9me2 adapter
Swi6HP1) is not required for CENP-ACnp1 inheritance on plasmid DNA. The RNAi
requirement for de novo CENP-ACnp1 deposition can be circumvented by tethering
Clr4SUV39 to specific regions (Kagansky et al. 2009). Nevertheless, heterochromatin
seems necessary for proper chromosome segregation and chromosome structure,
likely by the recruitment of cohesins (Pidoux and Allshire 2005; Bernard et al.
2001; Mizuguchi 2014; Nonaka et al. 2002). Early genome-wide ChIP studies
showed that the imr and cc (cnt) regions were enriched for a euchromatic mark,
H3K4me2, and interspersed with CENP-ACnp1 nucleosomes, which further moti-
vated studies on the role of ncRNA in centromere function (Choi et al. 2011;
Djupedal et al. 2009) that are still ongoing. Conversely, recent experiments suggest
that H3 nucleosomes are depleted from the centromeric core and that CENP-ACnp1

nucleosomes and CENP-T complex dominate (Thakur et al. 2015).
Studies on centrochromatin of N. crassa revealed that centromeric regions of N.

crassa contain blocks of canonical nucleosomes that are enriched with H3K9me3
interspersed with blocks of CENP-ACenH3 nucleosomes (Smith et al. 2011, 2012).
In mutants lacking the H3K9me3 methyltransferase DIM-5SUV39 and the
H3K9me3-binding protein HP1 the regions enriched for CENP-ACenH3 were
smaller. H3K4me2/3 did not associate with the formerly H3K9me3-enriched
nucleosomes though overall nucleosome occupancy seemed unaltered (Smith et al.
2011). Further studies revealed re-localization of H3K27me2/3 to regions usually
occupied by H3K9me3 in DIM-5SUV39 and HP1 mutants, suggesting that HP1
prohibits H3K27 di- and trimethylation in H3K9me3-regions (Basenko et al. 2015;
Jamieson et al. 2016). Single mutants lacking DIM-5SUV39 and HP1 show growth
and chromosome segregation phenotypes and are homozygously sterile or result in
aberrant progeny (Freitag et al. 2004; Tamaru and Selker 2001), while SET-7EZH2

mutants show no overt defects (Jamieson et al. 2013). In DIM-5SUV39 SET-7EZH2 or
HP1 SET-7EZH2 double mutants these phenotypes are largely suppressed (Basenko
et al. 2015; Jamieson et al. 2016), suggesting that it is the presence of H3K27me2/3
at centromeres or its absence from normal facultative heterochromatin that results in
the chromosome segregation defects.

Hi-C and cytological studies with wild type and mutants defective in constitutive
(DIM-5SUV39, HP1) or facultative (SET-7EZH2) heterochromatin showed that, like
in budding (Duan et al. 2010) and fission yeast (Tanizawa et al. 2010; Mizuguchi
2014), all centromeres are co-localized within the nucleus, revealing Rabl orien-
tation (Klocko 2016; Galazka et al. 2016). Surprisingly, DIM-5SUV39, HP1, and
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SET-7EZH2 mutants showed relatively minor changes by Hi-C; the overall orga-
nization of centromeres was maintained and no gross chromosomal defects were
observed. A novel role for importin alpha (N. crassa DIM-3) in chromosome
organization was found (Galazka et al. 2016); importin alpha may act by its role in
targeting of the DIM-5-containing DCDC complex (Klocko et al. 2015), though
mechanisms remain to be uncovered. Cytology showed altered position and
increased numbers of centromere foci in the SET-7EZH2 but not the DIM-5SUV39

and HP1 single or SET-7EZH2 DIM-5SUV39 double mutants (Klocko 2016). These
data suggest a role for H3K27me2/3 in the control of centromere maintenance.

A link between the RNAi and meiotic silencing pathways and heterochromatin
establishment in N. crassa has not been found (Freitag et al. 2004), unlike in fission
yeast, and no long ncRNA transcripts or H3K4me2/3 have so far been detected
(P. Phatale, K. Smith, M. Freitag, unpublished results). This suggests that RNAi or
long ncRNA may not play an essential role in the formation or maintenance of
centrochromatin in all fungi.

Fusarium species that have been studied show depletion of H3K4me2/3 and
little transcription in their centromeric regions. In F. fujikuroi centromeric regions
are 50–80 kb long and associated with H3K9me3 (Wiemann et al. 2013), similar to
F. oxysporum, F. asiaticum, F. solani, and F. graminearum (L. Connolly, S. Shahi,
M. Rep, L. Fokkens, S.-H. Yun and M. Freitag, unpublished results). Fusarium
species use H3K27me3 to silence *30% of their genomes, and most of these
regions are in large subtelomeric blocks. No H3K27me3 has been detected in
centromeric regions (Studt 2016; Connolly et al. 2013) and there is very little
H3K27me2 (L. Connolly, R. Gonçalves, M. Freitag, unpublished results).
Re-localization of H3K27me2/3, which has been observed in Neurospora
DIM-5SUV39 and HP1 mutants as well as C. neoformans ccc1 mutants, does not
occur in F. graminearum (L. Connolly and M. Freitag, unpublished results). Overt
phenotypes are also drastically different from those observed in Neurospora
(Jamieson et al. 2013), as H3K9me3-defective strains have no discernable pheno-
types under standard growth conditions while single mutants lacking H3K27me3 or
double mutants lacking H3K9me3 and H3K27me3 show numerous developmental
and other defects (Connolly et al. 2013).

In Z. tritici, centrochromatin cannot easily be defined because CENP-A-enriched
regions do not show any obvious DNA sequence or chromatin pattern (Schotanus
et al. 2015). So far only H3K4, H3K9 and H3K27 methylation have been tested but
none of these marks overlap reliably with CENP-A localization. In contrast to
Neurospora or Fusarium, many H3K9me3 regions also are enriched for
H3K27me3; the control for deposition of both histone marks in this species remains
to be deciphered.

Currently, the only basidiomycete that has been studied in regard to cen-
trochromatin is C. neoformans. H3K9me2 is found almost exclusively in the
centromeric, pericentric, and subtelomeric regions. While no H3K27me3 was found
in centromeric regions, it overlaps with H3K9me2 at the subtelomeric loci
(Dumesic et al. 2015), similar to what had been found with Neurospora (Basenko
et al. 2015; Jamieson et al. 2016) and Zymoseptoria (Schotanus et al. 2015). As in
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Neurospora, re-localization of H3K27me3 has been found under certain conditions.
The Cryptococcus Ezh2EZH2 complex contains three conserved proteins (Ezh2, Eed
and Msl1) and two proteins unique to Cryptococcus (Bnd1, Ccc1), but it lacks a
recognizable SUZ12 homologue that is usually associated with E(z) (Dumesic et al.
2015). While there are no clear homologues of Bnd1 in ascomycetes, the best Ccc1
homologues in Neurospora and Fusarium are not involved in H3K27 methylation
(Jamieson et al. 2016) (L. Connolly and M. Freitag, unpublished results). Ccc1 is
involved in H3K27me3 recognition and binding. Disruption of ccc1 results in
redistribution of H3K27me3 into H3K9me2 domains, especially the centromeric
regions. If H3K9me2 deposition is abolished by deletion of the Clr4SUV39 homo-
logue, H3K27me3 is also lost from these regions in the ccc1 background (Dumesic
et al. 2015). These results suggest that normal binding of the Ezh2 complex to its
product, H3K27me3, via Ccc1 suppresses an inherent activity toward
H3K9me2-modified centromeric chromatin regions (Dumesic et al. 2015).

4 Summary

Many fungi are genetically tractable and accessible to modern molecular tech-
niques. This allows mechanistic studies of the balance of chromatin marks, tran-
scription, and CENP-A deposition at stable centromere loci; such studies will

Table 1 Characteristics of fungal centromeric DNA and centrochromatin

Organism CEN (kb) Sequence content A + T (%) Histone mod. DNA mod.

S. pombe 4–7 Unique core, imr 70 None specific None known

S. cerevisiae 0.2 CDEI-III 65–95 None specific None known

C. albicans 2–5 Unique seq. 65 None specific Uncertain

C. tropicalis 2–5 Core flanked by repeats 65 None known None known

Z. tritici 5–10 Unique seq. 53 None specific Uncertain

F. asiaticum 50–80 TE, SSR 75 H3K9me3 None known

N. crassa 150–300 TE, SSR 7 H3K9me3 Cytosine
methylation

C. neoformans 60–110 TE, SSR 52 H3K9me3 None known

Species are arranged by accepted phylogeny (see Fig. 1). While centromeric regions in most fungi are
AT rich, C. tropicalis and Z. tritici have CENP-A-enriched regions (CEN) that have A-T% below
genome average. Status of DNA methylation in C. albicans is uncertain; there is a single report of
cytosine methylation. In Z. tritici, the gene for the cytosine DNA methyltransferase homologue of N.
crassa DIM-2 has been duplicated and underwent RIP, thus abolishing DNA methylation. No specific
histone modifications have been associated with the CENP-A nucleosome or surrounding canonical
nucleosomes in the CENP-A-enriched regions in S. cerevisiae, Candida and Zymoseptoria species,
though this has not been exhaustively tested. In Neurospora, Fusarium, and Cryptococcus the
CENP-A-enriched regions are also enriched for H3K9me3 and depleted of H3K4me2 and H3K27me2/3,
though other histone modifications have not been thoroughly tested yet. References for the data shown
are mentioned in the text
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continue to provide deep insights into centromere regulation. Fungi represent an
opportunity to test centrochromatin plasticity that is still difficult to carry out in
many other model organisms (Table 1). Species with large regional centromeres can
be leveraged to improve understanding of the centromere defects that may play a
role in tumorigenesis and other genomic instabilities that affect plants and humans.
In addition, many fungi play a significant role in biotechnology applications,
including the textiles, food, biofuels, and drug industries. Due to the role of cen-
tromeres in chromosome stability, centromere research should provide opportuni-
ties to genetically engineer strains with improved functionality for these industries.
Research on the centromeres of fungi is just gaining speed and improved techniques
in molecular biology and genomics are allowing insights into the functional
diversity of this critical chromosomal locus. Future research on the varying sizes
and types of centromeres in the filamentous fungi will provide a clearer picture of
how these factors determine the number and recruitment of spindle microtubules.
Increasing microtubule attachments may provide a remedy for chromosome seg-
regation defects, while eliminating aberrant microtubule attachments may attenuate
meiotic drive defects that occur in cancer cells.

Centrochromatin seems to be as diverse as all other aspects of centromere
biology studied to this point. Though several types of centrochromatin have been
found within the fungi some common themes have emerged. All known variants of
centrochromatin in fungi are more similar to heterochromatin than euchromatin,
whether due to the presence of silencing marks (e.g., H3K9me2/3) or the
involvement of the RNAi machinery in S. pombe. Hi-C studies suggest that there is
a higher order organization to centrochromatin, though the precise role of hete-
rochromatin and condensin or other scaffolding proteins is still uncertain. Future
studies will need to define functional roles of the different centrochromatin states in
model fungi from major understudied clades. Examination of diverse fungi will
help to reveal the full extent of centrochromatin states in nature, which should
provide insights into possible links between centrochromatin and lifestyle, genomic
architecture, and other aspects of biology. While it is clear that chromatin modi-
fication enzymes are important for centromere establishment more work must be
done to determine what, if any, negative effects on chromosome segregation occur
in chromatin mutants. Hi-C studies carried out across the cell cycle in synchronized
cells will provide deeper understanding of the relationships between chromatin state
and centromere function from a chromosome organization perspective.
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Evolutionary Lessons from Species
with Unique Kinetochores

Ines A. Drinnenberg and Bungo Akiyoshi

Abstract The kinetochore is the multi-protein complex that drives chromosome
segregation in eukaryotes. It assembles onto centromeric DNA and mediates
attachment to spindle microtubules. Kinetochore research over the last several
decades has been focused on a few animal and fungal model organisms, which
revealed a detailed understanding of the composition and organization of their
kinetochores. Yet, these traditional model organisms represent only a small fraction
of all eukaryotes. To gain insights into the actual degree of kinetochore diversity, it
is critical to extend these studies to nontraditional model organisms from evolu-
tionarily distant lineages. In this chapter, we review the current knowledge of
kinetochores across diverse eukaryotes with an emphasis on variations that arose in
nontraditional model organisms. In addition, we also review the literature on spe-
cies, in which the subcellular localization of kinetochores has changed from the
nucleoplasm to the nuclear membrane. Finally, we speculate on the organization of
the chromosome segregation machinery in an early eukaryotic ancestor to gain
insights into fundamental principles of the chromosome segregation machinery,
which are common to all eukaryotes.

1 Introduction

Mitosis is the process that partitions newly replicated chromosomes from the
mother cell into the two emerging daughter cells (McIntosh 2016). Fundamental to
this process is the kinetochore, a macromolecular protein complex that assembles
onto specialized chromosomal regions called centromeres to mediate the attachment
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of sister chromatids to spindle microtubules (Cheeseman and Desai 2008;
Santaguida and Musacchio 2009). Kinetochores also promote the recruitment of
cohesin complexes around centromeres to hold duplicated sister chromatids toge-
ther until anaphase (Nasmyth and Haering 2009). At their DNA-binding interface,
kinetochores need to ensure stable attachment to tolerate the pulling forces exerted
by kinetochore microtubules (Allshire and Karpen 2008; Fukagawa and Earnshaw
2014; Westhorpe and Straight 2015; McKinley and Cheeseman 2016). In contrast
to this more static attachment, the binding to spindle microtubules must be
dynamically regulated (Foley and Kapoor 2013; Cheerambathur and Desai 2014;
London and Biggins 2014; Etemad and Kops 2016). Faithful chromosome segre-
gation requires that sister kinetochores form bioriented attachments to spindle
microtubules emanating from opposite poles (Nicklas 1997). Biorientation is nec-
essary for the accurate distribution of sister chromatids into daughter cells during
anaphase.

Research on kinetochores has mainly been performed on a few model organ-
isms, such as fungi, worms, flies, and vertebrates. Their studies have been instru-
mental in informing us about the basic composition and organization of
kinetochores among these species. However, these “traditional” model organisms
only represent a small fraction of the entire eukaryotic biodiversity. In fact, both
animals and fungi are members of the Opisthokonta, that is only one out of six
major supergroups of eukaryotes (Fig. 1) (Walker et al. 2011; Adl et al. 2012).
While extensive analyses have not been performed on kinetochores in
non-opisthokonts, glances into kinetochores from additional species scattered
across the eukaryotic phylogenetic tree have revealed extraordinary levels of
variations in kinetochore composition and subcellular location. This stands in sharp
contrast to many other cell cycle machines that are highly conserved among diverse
eukaryotes (e.g., Cyclin/CDK, cohesin, condensin, the anaphase promoting com-
plex, and proteasomes). In this chapter, we will first discuss the extent of similarity
and variation in kinetochore composition among animals and fungi. We will then
review kinetochores in select organisms from different supergroups, as well as
unique kinetochores that evolved in kinetoplastids. Following up on that, we will
highlight membrane-bound kinetochores found in some unicellular organisms.
Finally, we will speculate on the organization of the chromosome segregation
machinery in early eukaryotes.

2 The Kinetochore Complex in Animals and Fungi

Genetic and biochemical analyses in fungi and vertebrates have led to the identi-
fication of more than 80 proteins that are part of the kinetochore (Biggins 2013;
Cheeseman 2014). The structural core of the kinetochore consists of an inner and an
outer complex. The inner kinetochore complex binds centromeric chromatin. It
serves as a platform for the recruitment of the outer kinetochore complex that binds
spindle microtubules during mitosis and meiosis. Both complexes are characterized
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by a network of several protein complexes that work in concert to regulate the
proper attachment of kinetochore microtubules to centromeric DNA.

2.1 Similarities and Variations of the Inner Kinetochore
in Animals and Fungi

In vertebrates and fungi, the inner kinetochore consists of *16 members that are
commonly referred to as the Constitutive Centromere Associated Network or
CCAN (Cheeseman and Desai 2008; Westermann and Schleiffer 2013; Westhorpe
and Straight 2013; Fukagawa and Earnshaw 2014) (Table 1). It is generally agreed
that the recruitment of all CCAN members in these species depends on a specialized

Fig. 1 Six eukaryotic supergroups. Representative organisms from each supergroup are shown as
examples
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centromeric histone H3 variant, CENP-A (also known as CenH3—see the Note on
nomenclature at the end of this chapter) (Black and Cleveland 2011; Müller and
Almouzni 2014; Earnshaw 2015) and its direct DNA-binding partner CENP-C
(Carroll et al. 2010; Basilico et al. 2014). In addition to CENP-A and CENP-C,
other CCAN components also make DNA contacts, including the histone-fold
proteins CENP-T and CENP-W as well as CENP-UAme1 and CENP-QOkp1 in
budding yeast (Hori et al. 2008; Hornung et al. 2014).

Given their central role in kinetochore function, it is surprising that several inner
kinetochore components undergo rapid evolution at the amino acid level, which
complicates homology-based predictions even in well-sequenced species (Henikoff
et al. 2001; Talbert et al. 2009; Malik and Henikoff 2009). While sequence simi-
larity of several CCAN components between vertebrates and budding yeast was
revealed early on (Meraldi et al. 2006), the identification of phylogenetic rela-
tionship for other CCAN components often required advanced bioinformatics tools
due to limited sequence similarities (Schleiffer et al. 2012; Westermann and
Schleiffer 2013). For example, the budding yeast CENP-TCnn1 was only identified
using a combination of proteomic approaches and remote homology predictions
(Schleiffer et al. 2012). Thus, experimental approaches as well as advanced
bioinformatics are required to obtain a comprehensive picture of kinetochores.

While most CCAN components are conserved between vertebrates and fungi,
CCAN proteins appear to be absent in Caenorhabditis elegans and Drosophila
melanogaster except for CENP-C (Table 1). While it is formally possible that these
species have highly divergent CCAN members, the wealth of extensive genetic
screens for chromosome segregation defects and biochemical purifications of
kinetochore components makes this unlikely (Cheeseman et al. 2004; Goshima
et al. 2007; Przewloka et al. 2007, 2011). Therefore, it appears that nematodes and
Diptera have “simpler” inner kinetochore complexes that just consist of CENP-C,
which connects the CENP-A-containing chromatin to outer kinetochore proteins.
The reason for this potential reduction in kinetochore complexity remains unknown.
In contrast to D. melanogaster, homologous CCAN members have been identified
in other insects (see below), showing that the near-complete loss of CCAN is not
common to all insects and instead occurred in a dipteran ancestor around 250 Mya
(Hedges et al. 2006).

While CENP-A was thought to be essential for kinetochore assembly in all animals
and fungi, recent studies showed that a number of insects have recurrently lost
CENP-A (Drinnenberg et al. 2014). Intriguingly, all CENP-A-deficient insects ana-
lyzed are derived from independent transitions from monocentric chromosomes
(where microtubules attach to a single chromosomal region) to holocentric chromo-
somes (where microtubules attach along the entire length of the chromosome) (Melters
et al. 2012; Drinnenberg et al. 2014). This strong correlation between the change in
centromeric architecture and the loss of CENP-A supports a causal relationship
between the two events in that the transition to holocentromeres facilitated the loss of
CENP-A or vice versa. While CENP-A and its binding partner CENP-C are lost,
several of the CCAN components continue to be present even in CENP-A-deficient
insects (e.g., the silkworm Bombyx mori (Table 1)). These findings suggest that the
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assembly of the inner kinetochore has been altered in CENP-A-deficient insects,
allowing CENP-A-independent kinetochore formation. Whether or not new kineto-
chore components have evolved to compensate for the loss of CENP-A is an open
question. It is important to note that other holocentric organisms including nematodes
(e.g., C. elegans) have retained CENP-AHCP-3. Thus, despite the usage of the generic
term “holocentromere”, the basic architecture and regulation of holocentromeres is
likely to be diverse among different species.

2.2 The Composition of the Outer Kinetochore Is Highly
Conserved in Animals and Fungi

The outer kinetochore complex is recruited to centromeres upon the onset of mitosis
to connect to spindle microtubules. This interaction is accomplished by
the *10-subunit KMN network that consists of the Knl1, Mis12, and Ndc80
complexes (Cheeseman et al. 2006; Petrovic et al. 2014). In contrast to the inner
kinetochore, the composition of the outer kinetochore is widely conserved across
animals and fungi (Meraldi et al. 2006; Tromer et al. 2015). Even
CENP-A-deficient insects encode the same repertoire of outer kinetochore com-
ponents, implying similar means of attaching to microtubules while utilizing
alternate inner kinetochore assembly pathways (Drinnenberg et al. 2016). A notable
exception to the otherwise conserved composition of the KMN network is found in
Diptera. D. melanogaster has lost Dsn1, a subunit of the Mis12 complex
(Przewloka and Glover 2009). In addition, the Nnf1 subunit of the Mis12 complex
underwent a duplication event giving rise to two paralogs, Nnf1a and Nnf1b, that
are part of two distinct Mis12 complexes with similar biochemical behaviors
(Przewloka et al. 2007; Schittenhelm et al. 2007; Liu et al. 2016; Richter et al.
2016; Blattner et al. 2016). The loss of Dsn1 could have been compensated by the
C-terminal part of the Drosophila Knl1 homolog (Przewloka et al. 2009). Indeed,
the overall organization of this complex appears to resemble the human and yeast
counterparts (Hornung et al. 2011; Przewloka et al. 2011; Screpanti et al. 2011).
Whether these changes have any functional consequences on the Drosophila KMN
complex is currently unclear.

3 Glimpses into Kinetochore Compositions in Diverse
Eukaryotes

While research on kinetochores in fungi and animals has revealed a paradigm for
the basic organization of kinetochores, it remains unclear whether other eukaryotes
have similar kinetochores. Comparative studies in additional eukaryotic lineages are
a key to revealing the degree of conservation and divergence of kinetochores among
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eukaryotes. Although bioinformatic analyses have identified some homologous
kinetochore proteins in diverse eukaryotes (Table 1), very few studies have char-
acterized the function of individual kinetochore proteins. Furthermore, extensive
proteomic screens have not been carried out in most organisms, leaving open the
possibility of lineage-specific evolution of additional kinetochore proteins. Below
we summarize the current knowledge of kinetochores in select eukaryotes from
different supergroups to highlight their peculiarities.

3.1 Supergroup Amoebozoa

The only kinetochore protein that has been characterized in the supergroup
Amoebozoa is the centromere-specific histone H3 variant in Dictyostelium dis-
coideum (Dubin et al. 2010). In contrast to nearly all other characterized CENP-A
proteins that have at least one extra amino acid in the loop 1 region within the
histone fold compared to histone H3 (Malik and Henikoff 2003), D. discoideum
CENP-ACenH3 does not have a longer loop 1. While alterations or shortening of
residues in loop 1 in other species can impair centromere targeting (Vermaak et al.
2002), cytological studies of D. discoideum CENP-ACenH3 revealed incorporation
into centromeric DNA (Dubin et al. 2010). Therefore, the insertion of extra amino
acids in loop 1 is not an obligatory feature of CENP-A.

3.2 Supergroup Archaeplastida

Several kinetochore proteins have been characterized in land plants (e.g.,
Arabidopsis, maize, and barley) (Dawe et al. 1999; ten Hoopen et al. 2000; Sato
et al. 2005). For example, homologous kinetochore proteins (such as CENP-C and
Mis12) identified by bioinformatics searches were analyzed by means of cytological
and mutational studies, confirming their importance for chromosome segregation in
mitosis and meiosis. Although most eukaryotes have a single CENP-A protein,
multiple CENP-ACENH3 variants are found in Arabidopsis halleri, A. lyrata
(Kawabe et al. 2006), Brassica sp. (Wang et al. 2011), Mimulus monkeyflowers
(Finseth et al. 2015), barley (Ishii et al. 2015), and Fabeae sp. (Neumann et al.
2012; Neumann et al. 2015). While it is currently unclear whether the individual
CENP-ACENH3 variants are functionally distinct, it has been hypothesized that
CENP-ACENH3 duplications occurred to counteract the evolutionary force from
centromere drive (Finseth et al. 2015) (centromere drive is discussed in the chapter
“Cell Biology of Cheating—Transmission of Centromeres and Other Selfish
Elements Through Asymmetric Meiosis” by Chm�atal et al.).

Compared to land plants, much less is known about kinetochores in other
Archaeplastida species. Cyanidioschyzon merolae is a thermoacidiphilic red alga
that is thought to be one of the most primitive photosynthetic eukaryotes. Its simple
cellular architecture and reduced genome make it an attractive organism for cell
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biological study (Matsuzaki et al. 2004). Among several homologous kinetochore
proteins identified (Table 1), only CENP-ACENH3 has been experimentally char-
acterized to date (Maruyama et al. 2007; Kanesaki et al. 2015). Given its hot and
acidic living habitats, it will be interesting to test for potential adaptations of
kinetochore components that evolved to cope with such extreme environments.

3.3 Supergroup SAR

The supergroup SAR (Stramenopiles, Alveolates, and Rhizaria: also referred to as
Harosa) includes diatoms, ciliates, apicomplexans, and dinoflagellates (discussed
later). Ciliates have a somatic macronucleus with highly amplified genes for RNA
synthesis as well as several germline micronuclei for genome maintenance. The
number of chromosomes in the somatic macronucleus can be as high as 16,000 in
some species (Swart et al. 2013). While the germline micronucleus has
CENP-ACNA1 and segregates its chromosomes accurately, the somatic macronu-
cleus does not have CENP-ACNA1 and segregates its chromosomes randomly
(Cervantes et al. 2006; Cui and Gorovsky 2006).

Apicomplexans include a number of important human pathogens, including
Plasmodium and Toxoplasma (Francia and Striepen 2014). Several kinetochore
proteins have been identified and functionally characterized in Plasmodium falci-
parum and Toxoplasma gondii including CENP-ACENH3, CENP-C, and members of
the Ndc80 complex (Brooks et al. 2011; Verma and Surolia 2013; Farrell and
Gubbels 2014). While the domain architecture appears to be conserved, the T.
gondii Nuf2 homolog contains a conserved amino acid motif that appears specific
to apicomplexan (Farrell and Gubbels 2014). The functional relevance of this motif,
however, remains unclear.

3.4 Supergroup CCTH

Very little is known about kinetochores in the supergroup CCTH (Cryptophytes,
Centrohelids, Telonemids, and Haptophytes: also called Hacrobia). Cryptophyte
algae are thought to have evolved by engulfing a red alga that contained a primary
plastid (Tanifuji and Archibald 2014). In the cryptomonad Guillardia theta, the
secondary plastid has retained the red algal-derived relict nucleus (called nucleo-
morph) (Curtis et al. 2012). How the nucleomorph genome is maintained during
cell division remains unknown. While the nucleomorph genome encodes for a
putative CENP-A homolog (Douglas et al. 2001) (Table 1), this protein lacks the
hallmark of an extended loop 1 region. It will therefore be necessary to experi-
mentally confirm whether it indeed functions as the centromeric histone variant for
the segregation of the nucleomorph genome.
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3.5 Supergroup Excavata

Excavata is a group of predominantly flagellated species (Walker et al. 2011; Adl
et al. 2012). It is divided into Metamonads and Discoba. A number of human
parasites belong to this supergroup, such as Giardia, Trichomonas vaginalis,
Naegleria fowleri, and Trypanosoma brucei.

Giardia intestinalis (Metamonads) has two histone H3-like molecules that have
a longer loop 1. Cytological studies have revealed that only one H3 variant
incorporates into centromeres, while the other variant localizes to pericentric
heterochromatin (Dawson et al. 2007), underlining the need for experimental
approaches to corroborate the identity of the centromeric histone H3 variant. As in
Dictyostelium (see above), another metamonad Trichomonas vaginalis has a
CENP-ACenH3 protein that does not have a longer loop 1, but its localization pattern
is suggestive of centromeric incorporation (Zubácová et al. 2012).

Discoba (also called JEH for Jakobids, Euglenozoa, Heterolobosea) includes
Naegleria, Euglena, and kinetoplastids. Although canonical kinetochore proteins
have been identified in Naegleria gruberi and Euglena gracilis (Table 1), none has
been identified in the genome of kinetoplastids.

4 Unconventional Kinetoplastid Kinetochores

Identification of at least a fraction of canonical kinetochore proteins (especially
CENP-A and the Ndc80 complex) in diverse eukaryotes led to a notion that all
eukaryotes may build the structural core of the kinetochore using a conserved set of
kinetochore proteins (Meraldi et al. 2006). However, none of the canonical kine-
tochore proteins were identified in the genome of kinetoplastids (Lowell and Cross
2004; Berriman et al. 2005), a group of unicellular eukaryotes defined by the
presence of kinetoplast (a large structure in the mitochondrion that contains mito-
chondrial DNA) (Vickerman 1962). They belong to the supergroup Excavata,
Discoba group, Euglenozoa. Euglenozoa is a diverse group of flagellates that
include euglenids, diplonemids, symbiontids, and kinetoplastids (Walker et al.
2011; Cavalier-Smith 2016).

To uncover the repertoire of kinetoplastid kinetochores, recent studies utilized
proteomic and functional approaches and identified 20 kinetochore proteins in
Trypanosoma brucei, named KKT1–20 (Akiyoshi and Gull 2014; Nerusheva and
Akiyoshi 2016). The majority of these proteins are conserved among kinetoplastids,
including the free-living Bodo saltans. However, obvious orthologs of KKT pro-
teins were not found even in euglenids, which instead have canonical kinetochore
proteins (Akiyoshi 2016). The unique KKT-based kinetochores are therefore not
conserved across Euglenozoa but are apparently restricted to kinetoplastids. It
remains unclear why kinetoplastids possess a unique set of kinetochore proteins
(discussed below).
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4.1 Domain Architectures of Kinetoplastid Kinetochore
Proteins

Sequence analyses of kinetoplastid kinetochore proteins have revealed the fol-
lowing conserved domains: a BRCT (BRCA1 C terminus) domain in KKT4, FHA
(Forkhead-associated) domain in KKT13, WD40-like domain in KKT15, divergent
polo boxes (DPB) in KKT2, KKT3 and KKT20, unique protein kinase domain in
KKT2 and KKT3, and CLK (cdc2-like kinase) kinase domain in KKT10 and
KKT19. While orthologs of any of the KKT proteins have not been identified in
non-kinetoplastid species, the domain architecture and sequence similarity of
KKT2, KKT3, and KKT20 suggest that these proteins may share common ancestry
with a Polo-like kinase (PLK) (Nerusheva and Akiyoshi 2016). Consistent with this
possibility, although the kinase domain of KKT2/3 is apparently unique (Parsons
et al. 2005), the next closest kinase domain is that of PLK (Akiyoshi 2016).
Furthermore, putative DNA-binding motifs are present in KKT2 and KKT3, sug-
gesting that these proteins likely bind DNA and play a critical role in establishing
unique kinetochores in kinetoplastids. Although PLK localizes at the kinetochore in
some species, it is not considered to be a structural kinetochore protein in any
eukaryote. Substrates of these KKT kinases have yet to be identified.

BRCT, FHA, or CLK-like kinase domains are not present in canonical kineto-
chore proteins. Domains found in canonical kinetochore proteins such as CH
(calponin homology) and RWD (RING finger, WD repeat, DEAD-like helicases)
domains have not been identified in KKT proteins. Although KKT proteins do not
have similarity to canonical kinetochore proteins at the primary sequence level,
high-resolution structural data are necessary to reveal if there is any similarity at the
tertiary level.

4.2 Common Features

Although components of the core kinetoplastid kinetochore appear to be distinct
from canonical kinetochore proteins present in other eukaryotes, various regulatory
proteins that are known to be important for chromosome segregation are conserved,
including Aurora B, Cyclin/CDK, cohesin, condensin, separase, and the anaphase
promoting complex (Berriman et al. 2005; Akiyoshi and Gull 2013). Aurora B
apparently localizes at the kinetochore during prometaphase and metaphase in
Trypanosoma brucei (Li et al. 2008), suggesting that its kinetochore regulatory
function may be conserved. It is known that the kinase–phosphatase balance is
important for regulating kinetochore functions in other eukaryotes. For example, the
KNL1 outer kinetochore protein recruits the PP1 phosphatase (Liu et al. 2010;
Rosenberg et al. 2011; Meadows et al. 2011; Espeut et al. 2012). Interestingly, a
conserved PP1-binding motif is present in KKT7, suggesting that PP1 may regulate
kinetochore functions in kinetoplastids. It is therefore possible that kinetoplastid
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kinetochores, while being structurally distinct, may still utilize a conserved
mechanism for the regulation of kinetochore functions.

4.3 Implications from Kinetoplastid Kinetochores

The discovery of KKT-based kinetochores in kinetoplastids challenged a widely
held assumption that the core of the kinetochore would be composed of proteins
conserved throughout eukaryotes (e.g., CENP-A and Ndc80). A corollary is that
eukaryotic chromosome segregation can be achieved using proteins distinct from
CENP-A or Ndc80. Understanding how KKT proteins carry out the conserved
kinetochore functions will likely provide important insights into fundamental
principles of the kinetochore. It also raises a possibility that there might be as yet
different types of kinetochores to be discovered in eukaryotes.

5 Membrane-Embedded Kinetochores

In addition to compositional variations, the subcellular location of kinetochores has
also been altered in some lineages. In all eukaryotes, chromosomes are enclosed
inside the nuclear envelope during most of the cell cycle. This keeps
chromosome-based activities physically separated from the cytoplasm where pro-
tein synthesis and metabolic processes take place (Martin and Koonin 2006;
Koumandou et al. 2013). This separation necessitates proper nuclear remodeling to
be coordinated with the chromosome segregation apparatus. There are mainly three
types of mitoses depending on the extent of nuclear envelope breakdown: open,
semi-open, and closed (Sazer et al. 2014; Makarova and Oliferenko 2016). In open
mitosis, the nuclear envelope breaks down completely during mitosis, facilitating
access for cytoplasmic spindle microtubules to chromosomes. Semi-open mitosis
involves a partial breakdown of the nuclear envelope, allowing transport of material
while keeping chromosomes inside the nucleus. In this case, the spindle assembles
either inside or outside of the nucleus. In the latter case, spindle microtubules
appear to fenestrate through the nuclear envelope and capture chromosomes that are
located inside the nucleus. Finally, in closed mitosis, the nuclear envelope does not
break down. To enable capturing of sister chromatids, most eukaryotes with closed
mitosis assemble an intranuclear spindle. Some eukaryotes, however, assemble an
extranuclear spindle where spindle microtubules are located outside of the nucleus.
This type of mitosis, though not very common, is found in some Alveolata
(dinoflagellates and Perkinsozoa) and Parabasalids (Trichomonads and
Hypermastigia), suggesting that it arose independently. To enable attachments
between spindle microtubules and kinetochores, these organisms embed their
kinetochores in the nuclear envelope. Below we will summarize the current

124 I.A. Drinnenberg and B. Akiyoshi



literature on these organisms as well as their sister species and then discuss potential
adaptations and implications from such kinetochores.

5.1 Dinoflagellates

Dinoflagellates are a highly diverse group of flagellates, including photosynthetic
free-living and parasitic species (Taylor et al. 2007). They belong to the supergroup
SAR, Alveolata group, and their sister groups include Perkinsozoa and
Apicomplexa (Saldarriaga et al. 2004) (Fig. 2). Dinoflagellates are characterized by
large genome sizes in the range of 1,500 Mbp to 185,000 Mbp (Wisecaver and
Hackett 2011). Despite having all core histone genes, histones are not involved in
packaging the majority of nuclear DNA (Hackett et al. 2005; Marinov and Lynch
2015). In addition, other basic nuclear proteins including Dinoflagellates/Viral
NucleoProteins (DVNPs) and HU-like proteins might substitute major histone
functions in some of these organisms (Sala-Rovira et al. 1991; Chan and Wong
2007; Gornik et al. 2012; Talbert and Henikoff 2012; Bachvaroff et al. 2014). Their
chromosomes are permanently condensed, showing a characteristic liquid crys-
talline state even in interphase. Interestingly, some, but not all, dinoflagellates have
kinetochores embedded in the nuclear envelope with an extranuclear spindle
(Leadbeater and Dodge 1967; Kubai and Ris 1969; Spector and Triemer 1981).

Dinoflagellates are divided into core dinoflagellates, Syndiniales, and early
diverging Oxyrrhinales (Fig. 2) (Wisecaver and Hackett 2011). Electron micro-
scopy revealed that kinetochores are embedded in the nuclear envelope in core
dinoflagellates [e.g., Amphidinium (Oakley and Dodge 1974) and Crypthecodinium
cohnii (Bhaud et al. 2000) (Fig. 3)] as well as in Syndiniales (e.g., Syndinium
sp. (Ris and Kubai 1974)). Due to their large genome sizes, genome sequence data
are limited in dinoflagellates. In fact, the only dinoflagellate genome sequence
available to date is for Symbiodinium minutum (Shoguchi et al. 2013), which
revealed putative CENP-A and outer kinetochore components (Table 1) as well as a
spindle assembly checkpoint protein (Mad3/BubR1: symbB.v1.2.026514.t1). These
findings suggest that this organism still utilizes canonical kinetochore components
and the spindle checkpoint. Indeed, a microtubule inhibitor nocodazole delayed
mitotic exit in Crypthecodinium cohnii, showing that the spindle checkpoint is
functional in core dinoflagellates (Yeung et al. 2000).

In contrast, a member of the early diverging Oxyrrhinales, Oxyrrhis marina, has
an intranuclear spindle, and its chromosomes are not attached to the nuclear
envelope (Triemer 1982; Gao and Li 1986; Kato et al. 2000). These studies show
that the extranuclear spindle is not a ubiquitous feature of dinoflagellates.

Evolutionary Lessons from Species with Unique Kinetochores 125



5.2 Perkinsozoa

Perkinsozoa is one of the closest relatives of dinoflagellates (Fig. 2). Like core
dinoflagellates and Syndiniales, Perkinsozoa undergoes a closed mitosis with an
extranuclear spindle, suggesting that its kinetochores are embedded in the nuclear
envelope (e.g., Perkinsus marinus (Perkins 1996) and Cryptophagus (Brugerolle
2002)). Unlike dinoflagellates, however, Perkinsozoa has a smaller genome size that
is packaged into nucleosomes (58 Mbp in Perkinsus marinus (Gornik et al. 2012)),
and its chromosomes are not permanently condensed. Taken together, the obser-
vations in Perkinsozoa suggest that extranuclear spindles and membrane-embedded

Fig. 2 Membrane-bound kinetochores have independently evolved at least twice. The diagram
shows the evolutionary transition to membrane-bound kinetochores in Perkinsozoa and
Parabasalids indicated by the blue star and thick branches. Two black stars indicate the reversion
to non-membrane-bound kinetochores
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kinetochores are not necessarily the consequence of an expanded genome or the
diminution of packaging histones.

In contrast to Perkinsozoa, its sister group Apicomplexa (e.g., Plasmodium and
Toxoplasma gondii) undergoes a closed mitosis with an intranuclear spindle as is
the case for many other species in the SAR supergroup (Francia and Striepen 2014).
These observations suggest that the nuclear envelop-embedded kinetochores and
the extranuclear spindle appeared at or before the emergence of Perkinsozoa
(Cavalier-Smith and Chao 2004) (Fig. 2). Therefore, the intranuclear spindle in
Oxyrrhis is most likely a derived feature, i.e., back to a more canonical state. The
driving forces underlying the switch to the extranuclear spindle or back, however,
remain unclear.

Fig. 3 Membrane-embedded kinetochores in dinoflagellates. Top Electron microscopy micro-
graph of mitotic Crypthecodinium cohnii cells. Note that the kinetochore-like structure embedded
in the nuclear membrane makes contact with extranuclear spindle microtubules (arrows). Bars
0.8 µm (left), 0.3 µm (right). Reproduced from Bhaud et al. (2000) with permission from the
Company of Biologists Limited. Bottom Simplified schematic of images on top
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5.3 Parabasalids

Membrane-bound kinetochores have also evolved in Parabasalids that belong to the
supergroup Excavata, Metamonads group. They are characterized by a unique
parabasal apparatus (Honigberg 1963). Electron microscopy studies showed that
Trichomonads (Tritrichomonas foetus and Trichomonas vaginalis) and
Hypermastigia (Trichonympha agilis) undergo a closed mitosis with an extranuclear
spindle, and have kinetochores embedded in the nuclear envelope (Kubai 1973;
Ribeiro et al. 2002) (Fig. 4). As in dinoflagellates and Perkinsozoa, canonical
kinetochore proteins are found in the genome of Trichomonas vaginalis (Carlton
et al. 2007; Zubácová et al. 2012) (Table 1). Because other members of meta-
monads such as Giardia have intranuclear spindles (Sagolla et al. 2006),
membrane-embedded kinetochores and extranuclear spindles in Parabasalids appear
to be a derived feature that independently evolved in this lineage.

5.4 Implications from Membrane-Bound Kinetochores

The findings of nuclear envelope-embedded kinetochores raise several questions.
It is likely that the change in the location required adaptations of the kinetochore

due to the change in biophysical environment. What modifications are necessary to
allow kinetochores to be embedded in the nuclear envelope and what are possible
consequences? Although the exact position of kinetochores/centromeres within the
lipid bilayer of nuclear membranes remains unclear, electron microscopy data
indicate that microtubules likely interact with kinetochores in the cytoplasm rather

Fig. 4 Bipolar organization of an extranuclear mitotic spindle in Parabasalids. Left Electron
microscopy image of Tritrichomonas foetus. Note that some extranuclear spindle microtubules
terminate outside the nuclear membrane. Bars 560 and 320 nm (inset). Reproduced from Ribeiro
et al. (2002) with permission from John Wiley and Sons. Right Simplified schematic of the images
on left
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than in the nuclear envelope. This implies that the microtubule-binding domain of
the Ndc80 complex is located outside of the nuclear envelope. Other kinetochore
proteins that bridge between the Ndc80 complex and CENP-A-containing cen-
tromeric chromatin within the nucleus must therefore be embedded within the
nuclear envelope. Transmembrane domains have so far not been identified in any of
Symbiodinium minutum and Trichomonas vaginalis kinetochore proteins. It is
possible that their kinetochores insert into the lipid bilayer by interacting with other
nuclear envelope-embedded components such as the nuclear pore complex as
previously suggested (Kubai 1973; Ris and Kubai 1974; Cachon and Cachon 1977;
Drechsler and McAinsh 2012).

Another question is how membrane-embedded kinetochores form biorientation
and regulate cell cycle progression. Can kinetochores move freely in the nuclear
envelope or do they require new membrane synthesis? And once biorientation is
achieved, how do nuclear and cytoplasmic environments communicate to promote
the transition to anaphase, activating the anaphase promoting complex to disrupt
cohesion (in the nucleus) and Cyclin B (in the nucleus or cytoplasm), while
coordinating the elongation of spindle microtubules (in the cytoplasm)? Finally,
what was the evolutionary driving force that underlies the assembly of kinetochores
within the nuclear envelope? To address these unknowns, new tools and model
systems need to be developed. Importantly, genetic manipulations have already
been established in some dinoflagellates (Te and Lohuis 1998; Radakovits et al.
2010) and Trichomonas vaginalis (Delgadillo et al. 1997). Studies on these
membrane-embedded kinetochores will likely shed new light onto the diverse
mechanism of kinetochore assembly and chromosome segregation in eukaryotes.

6 Speculation of Kinetochores in Early Eukaryotes

Chromosome segregation in the last eukaryotic common ancestor (LECA) was
likely driven by tubulin-based polymers because microtubules are a universal
feature of the chromosome segregation machinery in all known eukaryotes
(McIntosh et al. 2010; Yutin and Koonin 2012; Findeisen et al. 2014). In addition,
the LECA likely used condensins to compact chromosomes and cohesins to connect
duplicated sister chromatids until anaphase (Nasmyth and Haering 2009; Hirano
2016). Furthermore, the presumed presence of cyclin-dependent kinases and the
anaphase promoting complex suggests that chromosome segregation was probably
already regulated in the cell cycle dependent manner (Nasmyth 1995;
Cavalier-Smith 2010a; Garg and Martin 2016).

In contrast to these components, no obvious ortholog for any of the kinetochore
proteins has been identified in prokaryotes, including Lokiarchaeota that is con-
sidered to be the closest sister group to eukaryotes (Spang et al. 2015). Therefore, it
is unclear whether the LECA utilized canonical kinetochore components, such as
CENP-A and Ndc80 that are found in nearly all extant species. It is formally
possible that the LECA utilized a KKT-based complex that has later been replaced
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by canonical kinetochore components in most eukaryotic lineages. This model is
consistent with the controversial hypothesis that kinetoplastids might represent the
earliest branching eukaryotes (Cavalier-Smith 2010b; Cavalier-Smith 2013;
Akiyoshi and Gull 2014). Alternatively, the KKT-based kinetochore may be a
derived feature that replaced early eukaryotic kinetochores at some point during the
kinetoplastid evolution. A third possibility is that either canonical kinetochores or
the KKT-based kinetochores had not yet evolved in the LECA. In this case,
chromosome segregation in early eukaryotes might have been similar to the
plasmid-partitioning systems found in Bacteria (Gerdes et al. 2010; Reyes-Lamothe
et al. 2012) and Archaea (Barillà 2016) where specific DNA elements are recog-
nized by DNA-binding proteins that connect to filament-forming proteins to drive
segregation. In such a system, chromosome movement and DNA attachment in the
LECA could have been mediated by kinesin or dynein motor proteins. In fact,
motor proteins that transport cargo along microtubules and chromokinesins that are
capable of connecting chromosomes to microtubules were likely already present in
the LECA (Wickstead and Gull 2007; Wickstead et al. 2010).

Kinetochores in all extant eukaryotes are highly complex and consist of many
components. Gene duplication likely played an important role in increasing the
structural complexity in both canonical and kinetoplastid kinetochores, as evident
by the presence of multiple kinetochore proteins that apparently share common
ancestry (Schmitzberger and Harrison 2012; Nerusheva and Akiyoshi 2016;
Dimitrova et al. 2016; Petrovic et al. 2016). To ensure proper assembly and bior-
ientation of kinetochores, the invention of the Aurora kinase could have been a key
evolutionary step that likely had occurred before the emergence of the LECA
(Lampson and Cheeseman 2011; Carmena et al. 2012; Hochegger et al. 2013).
Error correction by Aurora and direct stabilization of kinetochore-microtubule
attachment by tension likely increased the fidelity of chromosome segregation
(Akiyoshi et al. 2010; Miller et al. 2016).

7 Conclusions

Most cell biological research over the last several decades has focused on a limited
number of model organisms that were selected largely based on historical, not
necessarily biological, reasons. Although these studies revealed insights into basic
principles of kinetochore organization, a number of differences have been noted
even among traditional animal and fungal model organisms. In addition, the
unconventional kinetochore in kinetoplastids, the absence of CENP-A in holo-
centric insects, and nuclear envelope-embedded kinetochores in some eukaryotic
lineages all suggest that kinetochores are more plastic than previously thought. The
advance of sequencing and genome editing techniques combined with experimental
approaches should enable researchers to characterize kinetochores in nontraditional
model organisms in a relatively short space of time (Warren 2015; Kobayashi et al.
2015; Gladfelter 2015; Goldstein and King 2016). Insights into kinetochores from
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diverse species outside of our current catalog of model organisms have a potential
to reveal fundamental design and working principles of the eukaryotic segregation
machines.

Note to Nomenclature
In different organisms, the centromeric histone H3 variant is referred to with dif-
ferent names (Earnshaw et al. 2013; Talbert and Henikoff 2013). To be consistent
with other chapters, we generally refer to the centromeric histone as CENP-A
across species. To account for the differences in nomenclature in specific organ-
isms, we donate the superscript of the original name wherever appropriate (for
example, CENP-AHCP-3 for C. elegans).
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Quantitative Microscopy Reveals
Centromeric Chromatin Stability, Size,
and Cell Cycle Mechanisms to Maintain
Centromere Homeostasis

Ana Stankovic and Lars E.T. Jansen

Abstract Centromeres are chromatin domains specified by nucleosomes contain-
ing the histone H3 variant, CENP-A. This unique centromeric structure is at the
heart of a strong self-templating epigenetic mechanism that renders centromeres
heritable. We review how specific quantitative microscopy approaches have con-
tributed to the determination of the copy number, architecture, size, and dynamics
of centromeric chromatin and its associated centromere complex and kinetochore.
These efforts revealed that the key to long-term centromere maintenance is the slow
turnover of CENP-A nucleosomes, a critical size of the chromatin domain and its
cell cycle-coupled replication. These features come together to maintain home-
ostasis of a chromatin locus that directs its own epigenetic inheritance and facili-
tates the assembly of the mitotic kinetochore.

1 CENP-A as the Key Epigenetic Determinant of Active
Centromeres

Epigenetic traits are heritable features whose propagation is not solely driven by
underlying DNA sequences. Centromeres are chromosomal loci whose propagation
depends on such a mechanism. The current consensus in the centromere field is that
the centromere-specific histone H3 variant CENP-A lies at the core of a positive
epigenetic feedback loop and is sufficient to initiate and propagate centromeres.
CENP-A, along with CENP-B and CENP-C were among the first centromere
proteins to be identified using antibodies isolated from autoimmune sera from
human scleroderma patients (CREST) (Earnshaw and Rothfield 1985). These sera
stained proteins at all active centromeres but, importantly, they are absent from an
inactive centromere, suggesting a “chromatin based regulation” of the centromere
(Earnshaw and Migeon 1985). Soon after its initial discovery CENP-A was found
to have histone-like properties and to copurify with core histone proteins (Palmer
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et al. 1987). Subsequent cloning of the gene, confirmed these properties (Sullivan
et al. 1994). In 1993, the first human neocentromere was described (Voullaire et al.
1993), a functional centromere located on a deleted derivative of chromosome 10 in
human patient samples, lacking typical centromeric sequence as well as the
CENP-B protein that binds to those sequences. Indeed, CENP-B knockout mice are
viable (Hudson et al. 1998), strengthening the notion that centromeric DNA is not
the main driver of centromere positioning. In addition, centromere-specific
CENP-A homologues exist in nearly all species analyzed so far (Malik and
Henikoff 2003; Talbert et al. 2012), with the exception of kinetoplastids and
holocentric insects that do not appear to contain a recognizable CENP-A homo-
logue (Akiyoshi and Gull 2013; Drinnenberg et al. 2014). A remarkable feature of
centromeric chromatin is the requirement for its maintenance across the germ line in
several, but not all organisms analyzed thus far. In mammals, early work has shown
that CENP-A is present in mature bovine sperm, evading protamine deposition
(Palmer et al. 1990), suggesting CENP-A may play a transgenerational role in
mammals. Indeed, stable paternal transmissions of neocentromeres within human
families demonstrate that the position of the centromere is inherited epigenetically
at least through the male germ line (Amor et al. 2004; Tyler-Smith et al. 1999).
Sperm retained CENP-A was also found in X. laevis and D. melanogaster
(Dunleavy et al. 2012; Milks et al. 2009; Raychaudhuri et al. 2012). In Drosophila,
a causative role for CENP-A in germ line centromere maintenance has been shown.
Selective removal of the CENP-A homologue [known as CID or cenH3 (Talbert
and Henikoff 2013)] from paternal centromeres resulted in successful fertilization
but in the selective failure to segregate paternal chromosomes in the zygote, despite
normal segregation of maternal chromosomes and the availability of a maternal
pool of CID (Raychaudhuri et al. 2012). The transgenerational necessity of
CENP-A is not universal. C. elegans sperm is devoid of CENP-A which is provided
de novo through the maternally deposited pool of CENP-A (Gassmann et al. 2012).
Further, during oogenesis, pre-existing CENP-A is removed, and is de novo
deposited (Monen et al. 2005).

In proliferating somatic cells, loss of CENP-A is lethal due to the severe defects
in chromosome segregation in all species analyzed (Black et al. 2007a; Blower and
Karpen 2001; Buchwitz et al. 1999; Fachinetti et al. 2013; Henikoff et al. 2000;
Howman et al. 2000; Régnier et al. 2005; Stoler et al. 1995; Talbert et al. 2002)
Additionally, CENP-A is sufficient for the recruitment of virtually all known
centromere and kinetochore proteins (Barnhart et al. 2011; Carroll et al. 2009; Foltz
et al. 2006; Guse et al. 2011; Heun et al. 2006; Liu et al. 2006; Mendiburo et al.
2011; Okada et al. 2006), with the exception of the sequence specific DNA-binding
protein CENP-B (Pluta et al. 1992; Voullaire et al. 1993). In a groundbreaking
study, (Mendiburo et al. 2011) used Drosophila S2 cells to tether CENP-A to a
naïve chromatin domain containing Lac operator sequences (using a LacI DNA
binding domain), not previously associated with centromere function. Once teth-
ered, CENP-ACID-LacI creates a local nucleosomes pool that is able to recruit
virtually all known downstream centromere and kinetochore proteins allowing
stable binding of microtubules. Importantly, once formed, this nascent centromere
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recruited naïve CENP-ACID, not previously associated with this region, even after
the initial tether has been lost, indicative of self-propagation of CENP-ACID.
Analogous experiments were performed with the CENP-A loading factor
HJURP. In this case not only neocentromere formation was observed (Barnhart
et al. 2011; Hori et al. 2013) but this centromere was shown to rescue chromosome
stability and cell viability after deletion of the endogenous centromere in chicken
DT40 cells (Hori et al. 2013). A large network of proteins, termed the constitutive
centromere associated network (CCAN), is assembled on the centromere
throughout the cell cycle (Cheeseman and Desai 2008; Foltz et al. 2006; Izuta et al.
2006; Okada et al. 2006). Intriguingly, (Hori et al. 2013) found that tethering of the
CCAN components CENP-C or CENP-I also initiates centromere formation,
indicating that the broader centromere is actively participating in maintenance of a
positive epigenetic feedback loop. These experiments provide compelling evidence
that CENP-A is central to a positive feedback loop which supports stable inheri-
tance of a centromere structure. A key question that follows is, if CENP-A is the
heritable mark of the centromere, how is it itself inherited? Heritable systems,
whether genetic or epigenetic, adhere to some basic principles that include (1) the
ability to survive through key steps of the cell cycle such as DNA replication,
transcription and mitosis, (2) have the capacity to drive template-directed dupli-
cation and (3), the duplication of the mark is regulated such that each molecule
gives rise to an equal number of copies in synchrony with cell division (see also
Gómez-Rodríguez and Jansen 2013). In this chapter we discuss our current
understanding of the heritable nature of centromeric chromatin which is the sum of
its molecular stability, rates of replenishment and mechanisms that maintain these
parameters in balance.

2 CENP-A Nucleosomes Are Stably Propagated
at Centromeres Through Mitotic and Meiotic Divisions

Early work indicates that total cellular CENP-A protein exhibits a remarkably long
half-life and lives as long as the cell itself, equating *50% decrease per cell
generation (Shelby et al. 1997). The apparent slow turnover required the employ-
ment of specific tools to assess protein dynamics. Fluorescence recovery after
photobleaching (FRAP) which relies on local, irreversible photobleaching of a
fluorophore, followed by subsequent repopulation of a bleached area with
unbleached molecules provides information of the local rate of protein turnover.
FRAP experiments on budding yeast kinetochores (containing a single microtubule
attachment site), revealed that the yeast CENP-A homologue, Cse4 displays very
low turnover rates at centromeres except during S phase where all of the preexisting
Cse4 nucleosomes are exchanged (Pearson et al. 2004). Cse4 was found to be stable
specifically at the centromere, whereas the non-centromeric Cse4 is degraded via
ubiquitin-mediated proteolysis (Collins et al. 2004). Stable binding of Cse4 at
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centromeres was recently confirmed in elegant experiments using a photoconvert-
ible Cse4-tdEos (Wisniewski et al. 2014). Eos, green in the unconverted state can
be stably switched to red emission upon short wavelength excitation. Following
conversion, Cse4 molecules were found to be stably associated with centromeres
until their turnover during DNA replication.

Stability of the fission yeast, kinetochore-bound, CENP-A homologue was
demonstrated using, once again, photobleaching of Cnp1-GFP (Coffman et al.
2011), which displayed a similar dynamics as previously described for Cse4
(Pearson et al. 2004). Interestingly, in contrast to the yeasts, holocentric C. elegans
embryos, characterized by extremely short division times (*15 min), photo-
bleaching of embryonic CeCENP-A-GFP in anaphase in the one-cell embryo
results in the complete fluorescence recovery in the next cell division, indicative of
complete loss of pre-existing CeCENP-A nucleosomes (Gassmann et al. 2012).
Here, sites for CeCENP-A deposition appear to be based on other genomic features
rather than pre-existing CENP-A. These regions include those with low transcrip-
tional activity in the parental germ line (Gassmann et al. 2012) and sites of high
DNA accessibility (Steiner and Henikoff 2014).

In vertebrate cells, following the initial determination of CENP-A stability with a
tagged shut-off allele in human cells (Shelby et al. 1997), a shut-off in the context of
a full deletion of the CENP-A gene in chicken DT40 cells (Régnier et al. 2005)
revealed that the loss rate of the cellular CENP-A pool is very slow indeed, with the
first mitotic defects occurring only after 7−8 cell cycles. Similar results were
obtained in human cells after conditional deletion of CENP-A (Fachinetti et al.
2013). The fact that these cells can survive for extended amount of time without
continuous supply of fresh CENP-A, strongly suggests that pre-existing CENP-A,
once assembled into nucleosomes, remains stably bound to centromeric chromatin.
While these studies determined that CENP-A turns over slowly, establishing the
actual turnover rate proved difficult to determine. The FRAP methodology is
suitable for determining protein dynamics at short timescales such as in organisms
which have a short cell division time, but proofs limiting for dissecting protein
turnover and replenishment rates at long time intervals. This limitation was sur-
mounted by the use of a fluorescent pulse labeling strategy such as SNAP-tag
technology, which allows for pulse labeling and visualization of different cohorts of
the same protein within whole cell populations. SNAP is a derivative of a human
DNA repair enzyme, O6-alkylguanine-DNA alkyltransferase (AGT). The endoge-
nous AGT enzyme recognizes O6-alkylated guanine in DNA, and transfers the alkyl
group to a reactive cysteine residue. This self-labeling capacity is exploited in a
mutant version of AGT (commonly known as SNAP) which has a high affinity
toward synthetically engineered small, cell permeable molecules, such as benzyl-
guanine (BG) (Keppler et al. 2003). The enzymatic reaction between SNAP and its
substrate is irreversible, highly efficient and specific. Combining serial labeling of
SNAP-tagged proteins with different SNAP substrates enables visualization and
fate determination of pre-existing versus newly synthesized pools of the same
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protein (see Bodor et al. 2012 for extended review). Following of a pulse labeled
cohort of CENP-A-SNAP molecules over the course of 48−72 h, demonstrated the
stable transmission of CENP-A through mitotic divisions (Bodor et al. 2013; Jansen
et al. 2007). The loss rate of this pool was found to equate *50% during each cell
division, consistent with quantitative recycling of old CENP-A during S phase, with
no additional turnover (Bodor et al. 2013; Dunleavy et al. 2011; Jansen et al. 2007).
This high rate of retention appears to be unique to CENP-A nucleosomes. Similar
pulse labeling experiments on H3.1 and H3.3 did not reveal such retention at
centromeric chromatin (Bodor et al. 2013; Falk et al. 2016), indicating that the
property of stable transmission is linked to CENP-A itself, not the centromeric
chromatin environment as a whole. However, histone H4 shows a striking differ-
ential stability. In the genome overall its turnover rates are similar to that of H3.1,
but at the centromere H4 is retained to the extent of CENP-A (Bodor et al. 2013).
CENP-A directly contacts H4 in the prenucleosomal complex as well as within the
nucleosome, forming a highly rigid structure (Black et al. 2004, 2007b), likely
directly stabilizing H4 at the centromere. The other remaining nucleosome partners,
H2A and H2B, like H3.1 and H3.3 do not display any elevated retention at the
centromere (Bodor et al. 2013). Hence, CENP-A/H4 forms a stable subnucleosomal
complex that represents the epigenetic core of the centromere which is quantita-
tively maintained throughout multiple cell divisions. The portion of CENP-A that
confers its centromere targeting lies within its histone fold domain (HFD), in a
subdomain termed CENP-A targeting domain (CATD), consisting of loop1 and the
a2-helix (Black et al. 2004). Replacement of the equivalent domain in H3 with that
of CENP-A is sufficient to target an H3CATD chimera to centromeres (Black et al.
2004, 2007a) and neocentromeres (Bassett et al. 2010). Importantly, the CATD
confers increased conformational rigidity to (CENP-A/H4)2 tetramers as well as to
CENP-A nucleosomes (Black et al. 2004, 2007b) and maintains the same loading
dynamics as wild-type CENP-A (Bodor et al. 2013). Remarkably, although not all
CENP-A properties are reproduced after a genetic substitution by H3CATD

(Fachinetti et al. 2013), this chimera retains the capacity to maintain its own cen-
tromeric levels over multiple cell cycles, suggesting that the CATD is the critical
subdomain responsible for longevity of the CENP-A nucleosome in vivo. Therefore,
the CATD emerges as a key molecular determinant discriminating CENP-A from
histone H3, and implies that the extreme stability of CENP-A nucleosomes is
encoded within CENP-A molecule itself. Recent work however defined CENP-C, a
member of CCAN network, as an additional extrinsic factor contributing to CENP-A
stability. CENP-C binds directly to chromatin-bound CENP-A, and as a conse-
quence, induces structural changes in conformation of CENP-A nucleosomes. This
results in increased rigidity of the CENP-A nucleosome, a feature likely contributing
to its stable maintenance at centromeres, since CENP-C depletion causes a rapid loss
of CENP-A from the chromatin (Falk et al. 2015).

The most striking example showcasing extreme stability of CENP-A nucleo-
somes is recent work in female mouse meiosis (Smoak et al. 2016). Like in humans,
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mouse oocytes are arrested in meiotic prophase I for an extended period of time.
CENP-A is readily detected in arrested mouse oocytes. However, no assembly
occurs at any appreciable rate. Remarkably, deletion of the CENP-A in early
oogenesis has no impact on long-term (*1 year) retention of centromeric CENP-A
despite the lack of a nascent pool.

3 CENP-A Copy Number and the Size of Centromeric
Chromatin

Due to its particularly strong epigenetic nature, centromeres represent an ideal
model system for studying the basic principles of epigenetic inheritance. In the case
of genetic inheritance, one DNA molecule will give a rise to two, and these will be
inherited by two daughter cells. Likewise, a pre-S phase, parental centromere will
give rise to two daughter centromeres, in a process that ultimately depends, not only
on CENP-A but on a critical number of CENP-A molecules to maintain centromere
identity.

3.1 Budding Yeast

Initial biochemical characterization of centromeric chromatin was performed on the
non-repetitive point centromere of budding yeast. In contrast to higher eukaryotes,
whose centromeres associate with highly repetitive long DNA regions, S.cerevisiae
centromeres assemble on a unique *125 bp DNA sequence, allowing Chromatin
Immunoprecipitation (ChIP) analysis of CENP-A bound domains. This approach
found the budding yeast CENP-A homolog, Cse4 to be highly enriched at a single
nucleosome position and devoid from the adjacent sequences (Furuyama and
Biggins 2007), strongly indicating that budding yeast centromeres harbor a single
stably bound Cse4 nucleosome. Since S. cerevisiae contains 16 clustered cen-
tromeres, bearing two Cse4 molecules per nucleosome, yeast centromere foci have
been extensively used as fluorescent standard representing 32 molecules.

Orthogonal methods to determine Cse4 copy number include fluorescence cor-
relation spectroscopy (FCS) measurements of Cse4-EGFP (Shivaraju et al. 2012).
FCS provides a measure of protein concentration in solution by determining fluc-
tuations of fluorescence as molecules pass through a sub-femtoliter volume excited
by a laser. FCS was used to calibrate cytosolic EGFP fluorescence and applied as
standard to estimate the number of Cse4-EGFP molecules at the cluster of 16
centromeres. The results pointed at a single molecule of Cse4 per centromere, a
surprisingly low number, which only transiently doubles in anaphase through
mitotic exit. However, these changes in fluorescence could be confounded by the
higher degree of centromeric chromatin compaction at this stage (Pearson et al.
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2001; Wisniewski et al. 2014). Another attempt to count the absolute number of
Cse4 (Aravamudhan et al. 2013) used stepwise photobleaching to find *1.7
molecules at S. cerevisiae centromeres.

However, the single Cse4 nucleosome per centromere model was challenged by
two contemporaneous studies that combined fluorescence measurements of
Cse4-GFP in living cells with established external fluorescent standards. Using
E. coli EGFP-MotB (*22 molecules per focus) as a fluorescent standard (Coffman
et al. 2011), authors reported 8 Cse4 molecules per centromere. In a second study
(Lawrimore et al. 2011) multiple fluorescent standards were employed, including
single EGFP molecules, rotavirus-like particle-GFP-VLP2/6 (containing 120 EGFP
molecules), a stably integrated 4-kb LacO array (containing 102 potential binding
sites for LacI-GFP dimers) as well as the GFP-MotB protein from E.coli. By
combining these standards, the authors obtained a mean number of Cse4 molecules
per centromere. Further, centromere dependency on a single nucleosome is also
inconsistent with the observation that the amount of Cse4 can be reduced by
*40–60%, without affecting kinetochore-microtubule attachments (Haase et al.
2013). It is possible that, in addition to a single stable positioned Cse4 nucleosome,
extra copies are locally bound, e.g., in a chaperone complex near the centromere
that would be captured by microscopy-based methods.

The most recent study on this theme (Wisniewski et al. 2014), casts some doubt
on previous studies, reporting extracentromeric nuclear localization of Cse4 and
impaired budding yeast growth when Cse4 is C-terminally GFP tagged. Normal cell
growth can be obtained when Cse4 is internally tagged within its unstructured
N-terminal tail. This study reported *2 molecules of Cse4 per centromere based on
ratiometric measurements against TetR-GFP bound to a tetO array. Nevertheless, it
is not clear whether the tag interference affects all studies in a similar manner. Even
though the precise CENP-ACse4 remains elusive (if there is indeed a fixed number),
there is general consensus that few (� 4) nucleosomes are present on budding yeast
centromeres.

3.2 Other Yeasts

The uncertainties of the Cse4 copy number propagated to attempts to count
CENP-A at centromeres of other organisms. Based on Cse4, numbers were
determined at centromeres of two other yeast species, C. albicans and fission yeast,
S. pombe, (Joglekar et al. 2008). The authors reported *5 molecules of
CENP-ACnp1 at fission yeast centromeres and *8 CaCse4 molecules in C. albi-
cans. Taking into account the uncertainty in the budding yeast numbers, Candida
features between 8 and 32 molecules of CENP-ACaCse4 per centromere. For fission
yeast, the range would be 5–20 molecules per centromere. However, (Coffman et al.
2011) reported that the fission yeast strain used for these comparisons, is probably
expressing a competing wildtype Cnp1 resulting in underestimation of Cnp1
numbers based on fluorescence. To readdress these confounded numbers, the
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authors used a clean genetic substitution of Cnp1 and the bacterial flagellar motor
protein MotB, as fluorescent standard (Coffman et al. 2011; Leake et al. 2006),
resulting in a much higher estimate of *226 Cnp1 molecules per centromere.
However, it is not clear how more than a hundred nucleosomes would fit a space of
the 10 kb central core. Another, super-resolution-based method was used to count
Cnp1 based on the photoactivatable protein, mEos2, which converts stochastically
from a dark state to a fluorescent state once illuminated with low-intensity light
(Lando et al. 2012). Subsequent bleaching ensures that each molecule is counted
only once. Potential reactivation of fluorescence (blinking) can lead to double
counting of molecules. After correction for blinking effects, *26 molecules of
Cnp1 per centromere were reported. These numbers were corroborated using ChIP
coupled to high throughput sequencing (ChIP-seq), identifying *20 distinct peaks
of Cnp1 per centromere on average, placing an upper limit to the Cnp1 centromere
occupancy (*20 nucleosomes per centromere). Taken together, it is clear that
fission yeast centromeres are defined by a number of CENP-A nucleosomes that is
an order of magnitude higher compared to budding yeast, clearly defining a regional
centromere.

3.3 Metazoans

The first study carried out in metazoans aiming at establishing a centromeric
CENP-A copy number used Drosophila imaginal disks carrying CENP-ACID-EGFP
as the sole source of CID and, once again, employing budding yeast Cse4-GFP as a
standard for 32 fluorescent molecules (Schittenhelm et al. 2010). According to these
measurements, 84−336 molecules of CENP-ACID are present per centromere,
depending on the budding yeast numbers. Similar studies were performed in ver-
tebrates, in chicken DT40 cells (Johnston et al. 2010; Ribeiro et al. 2010). The
Johnston et al. study reported at least 62 molecules (using Cse4 as a fluorescent
standard). Ribeiro et al., relied on counting of photoblinking events of a photo-
convertible Dronpa CENP-A fusion arriving at 25–40 molecules of
CENP-A-Dronpa. As stated by the authors, variation in photoblinking confound the
results to some extent. Importantly, both studies were performed in the presence of
endogenous CENP-A pools, restricting the results to lower estimates. In human
cells, using a 3D imaging strategy combined with a clean genetic replacement of
endogenous CENP-A in retinal pigment epithelium (RPE) cells reported *400
molecules per centromere (Bodor et al. 2014). Centromere-derived YFP-CENP-A
signals (the only source of CENP-A in the cell) were measured and compared with
total cellular levels. Remarkably, this analysis showed that while CENP-A is
enriched at the centromere, on average only 0.44% of cellular CENP-A resides at
each centromere. Interestingly, this ratio appeared to be fixed between RPE cell
lines expressing variable levels of CENP-A, suggesting this ratio is likely preserved
in unmodified, wild type RPE cells. The total cellular pool of CENP-A in wild type
RPEs was found to be *91,000 molecules (as determined by quantitative Western
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blotting using highly purified CENPA/H4 as a reference), which translates into
*400 molecules of CENP-A per centromere. The results were corroborated by
employing the yeast the LacO/LacI-GFP standard (Lawrimore et al. 2011) as well
as a statistical method based on the random segregation of CENP-A during DNA
replication. Given, the predominantly octameric nature of CENP-A nucleosomes
(Black and Cleveland 2011; Hasson et al. 2013), this number converts into *200
CENP-A nucleosomes in interphase, which are split into *100 nucleosomes on
mitotic centromeres (Fig. 1a). Surprisingly, this number is not uniform across
different cell types which can be as low as 50 nucleosomes, still retaining the
capacity to form a functional and heritable centromere (Bodor et al. 2014).

The scarcity of CENP-A nucleosomes at the centromere [1 in 25 compared to H3
on average (Bodor et al. 2014) appears to be inconsistent with the stable mainte-
nance of a self-templating positive feedback loop, which typically relies on local
cooperativity (Dodd et al. 2007). However, analysis of nucleosome distribution at
neocentromeres, where such analysis is possible, shows that CENP-A nucleosomes
tend to be organized in clusters, as also found by chromatin fiber analysis (Blower
et al. 2002). Within these clusters, individual positions harbor CENP-A with a
remarkably high occupancy [up to 80% of total cells (Bodor et al. 2014)], indicative
of a strong nucleosome positioning favoring CENP-A. Therefore, strong enrich-
ment of CENP-A nucleosomes coupled with their possible clustering at the cen-
tromere likely provides an ample amount of CENP-A nucleosomes sufficient to
maintain a positive epigenetic feedback loop (Fig. 1b).

4 The Modularity of CENP-A Dependent Kinetochore
Assembly

CENP-A acts as the most upstream component in kinetochore assembly by spec-
ifying the point of contact between the DNA and mitotic spindle. CENP-A directs
the formation of the constitutive centromere associated network (CCAN) which in
turn, during mitosis, recruits a secondary protein complex known as the kineto-
chore. The kinetochore includes the conserved microtubule-binding KMN network,
consisting of the protein KNL1, the Mis12 and Ndc80 complexes (Cheeseman et al.
2004, 2006; DeLuca et al. 2006). Kinetochores serve as a platform for binding of
dynamic spindle microtubules which exert poleward pulling forces onto cen-
tromeres and separate sister chromatids in opposite direction during anaphase.

Current models for centromere and kinetochore architecture are based on
repeated individual subunits, in which the amount of centromere components
directly dictates the number of downstream kinetochore proteins, and ultimately the
number of microtubule attachment sites. This form of organization was initially
proposed in 1991, when islets of proteins recognized via CREST antibodies were
identified in a stretched centromeric DNA fiber (Zinkowski et al. 1991). Evidence
for such a modular organization is found at the S. cerevisiae point centromere.
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Joglekar et al. (2006) used endogenous GFP-tagging of the C-termini of kineto-
chore proteins and compared copy numbers to centromeric Cse4-GFP as a
fluorescent standard assuming a single Cse4 nucleosome. They found the proteins
forming the interface between centromeric chromatin and the microtubule plus end
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Fig. 1 An integrated view of human centromere architecture. a Interphase distribution of
CENP-A relative to histone H3 at an average human centromere (left) and whole genome level
(right) adapted from Bodor et al. (2014). b Organization of mitotic chromosome in which
individual centromeres contain *100 CENP-A nucleosomes, which is in excess of what is
required to nucleate the kinetochore of a fixed size (right). Compaction of centromeric chromatin
during mitosis possibly leads to clustering of CENP-A nucleosomes, which may reach a critical
density of CENP-A nucleosomes for efficient kinetochore assembly (left and bottom).
c Normalization of CENP-A levels could be initiated during mitosis through signals dictated by
microtubule pulling forces
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to be present in specific stoichiometries. For example, 1−2 copies of Mif2p, the
yeast CENP-C homolog, 2–3 copies of the COMA complex (containing several
CCAN members), 6−7 copies of Mtw1p, the Mis12 homolog and 8 copies of the
Ndc80 complex. However, it should be noted that the precise number of kineto-
chore units could be potentially higher, depending on the actual number of Cse4
molecules at budding yeast centromeres.

Regional centromeres tend to assemble on large stretches of centromeric DNA
compared to the budding yeast point centromeres and they are bound by multiple
spindle microtubules [ranging from 2 to 4 in fission yeast to *17 in the case of
humans (McEwen et al. 2001; Sagolla et al. 2003)]. Initial studies, focused on the
centromeres of fission yeast and C. albicans (Joglekar et al. 2008), found a strik-
ingly constant ratio between the amount of centromeric CENP-A nucleosomes,
structural components of kinetochore and number of microtubules attached during
mitosis. Based on mitotic fluorescent intensities of a multitude of kinetochore
components [in a manner analogous to Joglekar et al. (2006)], the authors revealed
that, while absolute numbers differ, the number of kinetochore proteins per
microtubule attachment are very similar between budding and fission yeast. For
both yeasts there are 6−8 molecules of KMN network per kinetochore-microtubule
attachment. These findings strongly argue that the regional centromeres of fission
yeast are composed of repeated structures reminiscent of the ones existing in
budding yeast. This apparent kinetochore architecture extends to certain metazoan
species, such are chicken DT40 cells, in which the copy number of CCAN network
members (namely CENP-C, CENP-H, CENP-I and CENP-T) is in nearly stoi-
chiometric relation to KMN network members (Mis12, Knl1 and Ndc80), which,
once again assemble at *8 molecules per microtubule (Johnston et al. 2010).
However, a direct relationship between the number of centromeric CENP-A
nucleosomes and amount of downstream kinetochore components is incompatible
with the fact that constitutive overexpression of Cnp1 does not lead to significant
changes in the copy number of kinetochore protein (Joglekar et al. 2008).
Consistently, in C. albicans, the number of CaCse4 nucleosomes is larger than the
number of microtubule attachment sites (Joglekar et al. 2008), indicating that the
relationship between centromeric chromatin and microtubule attachment sites is less
defined. This notion is further supported by the fact that CENP-A depletion in
human cells resulting in *7% of total centromeric (Fachinetti et al. 2013) or
*10% of cellular pool (Liu et al. 2006) had no effect on centromere integrity at
least in the short term. Upon partial loss of CENP-A, proteins such as CENP-C and
CENP-T remain largely unaffected (Fachinetti et al. 2013). In an extreme case,
upon complete acute loss of CENP-A, the centromere remains mitotically func-
tional at least initially, after which failure to propagate the centromere in the next
division results in gradual loss of centromere components (Hoffmann et al. 2016).
In agreement with the stoichiometric disconnect between centromeric chromatin
and the rest of the centromere, altering CENP-A levels in human RPE cell line
between 40 and 240% relative to wild type, showed no significant effect on the
amount of critical kinetochore proteins (Bodor et al. 2014). These included
CENP-C and CENP-T, which are responsible for mitotic recruitment of the KMN
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network (Gascoigne et al. 2011), as well as the key microtubule binding protein
Hec1/NDC80 (Cheeseman et al. 2006; DeLuca et al. 2006). Taken together, these
results argue that on a typical human centromere the amount of CENP-A nucleo-
somes is in excess compared to the critical number necessary to maintain the
centromere, which could in part be facilitated through semi-stable self-regulated
recruitment of downstream CCAN proteins.

Another insight into the relationship between CENP-A chromatin and the
kinetochore comes from overexpression studies. Excess CENP-A results in its
mislocalization to non-centromeric sites (Athwal et al. 2015; Heun et al. 2006;
Lacoste et al. 2014). Mistargeted CENP-A is not randomly distributed, rather it is
enriched at sites of high histone turnover (Athwal et al. 2015; Lacoste et al. 2014).
Even at physiological expression levels, CENP-A is present outside the centromere
in a surprisingly high amounts. Quantitative fluorescence microscopy methods have
estimated that only*20% of CENP-A is centromeric and about half of all CENP-A
is chromatin-bound elsewhere. However, due to the large genome size these
CENP-A nucleosomes represent less than one in a thousand nucleosomes, com-
pared to *50 fold higher enrichment at centromeres (Bodor et al. 2014).
Nonetheless, despite their presence in non-centromeric genomic locations, these
CENP-A containing nucleosomes do not instigate the formation of the functional
centromere (Bodor et al. 2014; Lacoste et al. 2014). It is tempting to speculate that
whereas these sporadic genomic CENP-A nucleosomes might have limited capacity
to attract some centromeric components, particularly those that directly interact
with CENP-A (Gascoigne et al. 2011), the local pool of CENP-A does not reach a
critical threshold sufficient to initiate the formation of a functional centromere.
Therefore, rather than maintaining a linear relationship between CENP-A nucleo-
somes and downstream components, the CCAN and the kinetochore, once formed,
maintain an internal stoichiometry and become to some extend independent of
fluctuation in the centromeric CENP-A pool size.

One curious case in which the levels of centromeric CENP-A appear to dictate
the amount of downstream kinetochore proteins has been reported to occur during
meiosis in mice (Chmátal et al. 2014). In mammals, during female oogenesis only
one out of four meiotic product will give rise to the future gamete. The probability
for any allele to be transmitted should, in principle, follow Mendelian rules of
inheritance. However, certain “selfish” genomic elements can skew this ratio and
are preferentially retained in the mature egg, a process known as meiotic drive. The
Chmátal et al. study showed that the amount of kinetochore proteins assembled at
the meiotic centromere correlates with the amount of CENP-A nucleosomes.
Chromosomes having fewer CENP-A nucleosomes at the centromere relative to the
other ones, assembled a lower amount of Hec1/NDC80, which results in its posi-
tioning near the cell cortex due to asymmetric microtubule forces within the meiotic
spindle resulting in its preferential exclusion to the polar body. The inverse was
found for chromosomes with a higher amount of centromeric CENP-A nucleo-
somes, which were preferentially retained in the mature egg. While the resulting
drive is not large, only by 10% from random (Chmátal et al. 2014), at evolutionary
timescales, this would have a profound effect on the frequency of a specific
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chromosome within a population. While in mitosis such inequalities may be
equalized by the mitotic checkpoint, this is much weaker during meiosis allowing
for centromere discrepancies to evolve.

5 Propagation of Centromeric Chromatin Across Cell
Divisions

As outlined above, CENP-A nucleosomes are stably maintained and propagated at
mitotic and meiotic centromeres (Bodor et al. 2013; Jansen et al. 2007; Smoak et al.
2016). This unusually slow turnover of CENP-A at each centromere (Falk et al.
2015) has consequences for how the correct levels are maintained across subse-
quent cell division cycles. New CENP-A histones can either be incorporated at a
continuous slow rate to compensate for the twofold reduction during S phase, or
alternatively, assembly is restricted to a discrete cell cycle window to control the
rate and quantity of assembly. It turns out that, in all species examined thus far,
control of CENP-A assembly is maintained by rendering it tightly cell cycle
restricted rather than allowing continuous slow assembly. Given the key role of
centromeres in mitosis and the fact that CENP-A is lost by twofold during the
preceding S phase, it was initially expected that the replenishment of the S-phase
diluted pool of CENP-A would occur prior to mitosis (Csink and Henikoff 1998;
Shelby et al. 2000). In budding yeast, as outlined above, CENP-A turns over during
S-phase (Pearson et al. 2004; Wisniewski et al. 2014). Such turnover appears to be a
common feature among unicellular eukaryotes. In an interesting case of the uni-
cellular red algae Cyanidioschyzon merolae, CENP-ACENH3 is detected at the
centromeres only between S-phase and mitosis, and remains undetectable in G1
phase, indicating eviction of CENP-ACENH3 (Kanesaki et al. 2015; Maruyama et al.
2007). Upon re-entry into subsequent S-phase, CENP-ACENH3 is de novo deposited
at regional centromeres of C. merolae (Kanesaki et al. 2015). With the exception of
these single-celled organisms, CENP-A assembly appears to be uncoupled from
DNA replication in metazoans and plants.

In most animal systems examined, a unique pattern of cell cycle-coupled
CENP-A replenishment was uncovered where assembly of newly synthesized
CENP-A is delayed until mitotic exit, in G1 phase of the next cell cycle, after the
primary function of the centromere has been fulfilled. This paradoxical timing of
centromeric chromatin assembly was initially discovered in Drosophila and human
cells based on steady state fluorescence, FRAP experiments and SNAP-based pulse
labeling, respectively (Jansen et al. 2007; Schuh et al. 2007). The SNAP technology
has proven extremely useful in dissecting chromatin dynamics (Bergmann et al.
2011; Bodor et al. 2013; Deaton et al. 2016; Dunleavy et al. 2011; Jansen et al.
2007; Prendergast et al. 2011; Ray-Gallet et al. 2011). To assay for the assembly of
nascent CENP-A-SNAP specifically, the pre-existing (chromatin bound) pool of
CENP-A-SNAP is labeled with a nonfluorescent SNAP substrate (quench). During
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the ensuing chase period new, unlabeled CENP-A is synthesized which can be
fluorescently labeled at a later time point (Bodor et al. 2012). This methodology
allows for the visualization of centromeres decorated with nascent CENP-A.
G1-restricted assembly of CENP-A in human cells was confirmed by photo-
bleaching experiments of CENP-A-GFP (Hemmerich et al. 2008), and later also
found be the conserved in chicken DT40 cells (Silva et al. 2012), and Xenopus
(Bernad et al. 2011; Westhorpe et al. 2015). A key question that follows is how
CENP-A assembly is coupled to the cell cycle to maintain correct centromere
levels. Early work showed that microtubule attachment and checkpoint signaling,
two key aspects of mitosis, are not required for subsequent assembly (Jansen et al.
2007; Schuh et al. 2007). Instead, mitotic passage is primarily needed to result in
APC-mediated cyclin destruction and concomitant loss of Cdk activity. This notion
resulted from experiments demonstrating that selective inhibition of both Cdk1 and
Cdk2 (Cdk1/2) in S or G2 phase is sufficient to induce premature, premitotic
CENP-A assembly (Silva et al. 2012). CENP-A assembly commences rapidly upon
Cdk inactivation, either naturally or artificially. This has led to a model in which all
factors necessary for CENP-A loading are present and poised for activity prior to
mitotic exit, but are held inactive due to the Cdk1/2 activities in S, G2 and mitosis,
when these kinases are active. While CENP-A is the prime candidate regulating
propagation of centromeric chromatin, the fact that H3CATD chimera still retained
G1-restricted timing of loading to the centromeres argues that external binding
factors are likely contributors to cell cycle dependent CENP-A assembly, compared
to CENP-A itself (Bodor et al. 2013). Indeed, the CENP-A specific chaperone
HJURP is exclusively targeted to G1 centromeres (Dunleavy et al. 2009; Foltz et al.
2009), concurrent with its dephosphorylation on Cdk consensus residues (Müller
et al. 2014; Stankovic et al. 2017). Mutation of Cdk responsive residues within
HJURP prior to mitotic exit is sufficient to induce limited precocious loading of
CENP-A at S and G2 centromeres (Müller et al. 2014; Stankovic et al. 2017). In
addition, ectopic targeting of HJURP to centromeres prior to mitotic exit also leads
to premature incorporation of CENP-A molecules, suggesting that rather than
controlling the interaction interface between CENP-A and HJURP, the negative
regulation occurs primarily at the level of localization of the assembly factor
(Stankovic et al. 2017). Similarly, Cdk1/2 activities also negatively regulate cen-
tromeric localization of another CENP-A assembly factor, the M18 complex. This
complex is targeted to centromeres in anaphase of mitosis, prior to the onset of
CENP-A deposition, and its activity is necessary for subsequent steps in CENP-A
deposition which involves the targeting of HJURP to the centromeres (Barnhart
et al. 2011; Fujita et al. 2007). The largest member of the M18 complex, M18BP1 is
under Cdk1/2 control, which limits its centromeric recruitment until loss of Cdk1
activity in anaphase (McKinley and Cheeseman 2014; Silva et al. 2012; Stankovic
et al. 2017). Interestingly, like HJURP, forced premature recruitment of M18BP1 to
the centromeres can overcome negative cell cycle regulation to some extent
(McKinley and Cheeseman 2014; Stankovic et al. 2017). A single phosphorylation
site at Threonine 653 is key to this control (Stankovic et al. 2017). This latter study
showed that simultaneous expression of unphosphorylatable mutant forms of
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M18BP1 and HJURP, leads to their premature centromere targeting, resulting in
essentially complete reconstitution of CENP-A assembly.

The requirement and sufficiency of these two targets defines a two-step inhibi-
tory mechanism in which Cdk1/2 are directly targeting both assembly factors. This
dual level control ultimately allows for a strict cell cycle coupled timing of CENP-A
assembly (Fig. 2). Recently, another kinase, Plk1, was shown to act as a positive
regulator of CENP-A deposition. Its localization to G1 centromeres and contem-
poraneous phosphorylation of M18BP1 proved to be important for robust recruit-
ment of the M18 complex to G1 centromeres. Interestingly, Plk1 activity is
necessary for both canonical and premature (G2 phase) deposition of CENP-A,
indicating the requirement of positive phosphosignaling at all cell cycle stages.
Therefore, the strict cell cycle coupling of CENP-A loading is achieved through
negative Cdk1- and 2-dependant signals, restricting assembly to G1 while positive
signals, such as Plk1 are needed to stimulate assembly (Fig. 2).

While CENP-A assembly is uncoupled from DNA replication in most eukary-
otes, in fission yeast and plants, CENP-A assembly occurs in premitotic G2 phase
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(Lando et al. 2012; Lermontova et al. 2006), although the molecular details remain
elusive. Another outstanding question is assembly control in Drosophila. While G1
phase is the major cell cycle window where CENP-A assembly occurs (Lidsky et al.
2013; Schuh et al. 2007), in Drosophila somatic cell lines, some degree of assembly
also takes place in other phases, notably in mitosis (Lidsky et al. 2013; Mellone
et al. 2011). However, in neuroblasts, within the in vivo context of the organism,
CENP-A assembly remains G1-restricted (Dunleavy et al. 2012). Rather than
indicting a fundamentally different logic of control, these differences likely reflect
physiological differences in the efficiency of inhibition by the cell cycle machinery,
as artificially achieved in human cells.

In sum, a picture emerges where different mechanisms have evolved all of which
tie the CENP-A assembly machinery to the cell cycle. However, the importance of
this for the maintenance of centromere structure and function remains largely
undefined.

6 Possible Mechanisms to Maintain Homeostasis
of CENP-A Levels Across Cell Divisions

The presence of pre-existing, chromatin bound CENP-A nucleosomes is a pre-
requisite for the stable propagation of centromeric domain. Parental CENP-A
nucleosomes direct the incorporation of a nascent CENP-A molecules, which are
placed adjacent to the pre-existing ones (Ross et al. 2016). This precise positioning
of CENP-A molecules is likely facilitated through interaction between the consti-
tutive centromeric protein CENP-C, which on one hand recognizes chromatin
bound CENP-A (Carroll et al. 2010; Kato et al. 2013), and on the other, forms an
interaction platform between the M18 licensing complex and centromeric chro-
matin (Dambacher et al. 2012; Moree et al. 2011; Shono et al. 2015; Westhorpe
et al. 2015). This complex in turn recruits the CENP-A specific chaperone HJURP
(Nardi et al. 2016; Stellfox et al. 2016; Wang et al. 2014) which deposits newly
synthetized CENP-A (Barnhart et al. 2011; Dunleavy et al. 2009; Foltz et al. 2009).
These molecular connections likely contribute to a closed positive epigenetic
feedback loop where deposition of new CENP-A is ultimately dependent on the
previously incorporated pool. However, how the correct CENP-A levels are
maintained remains an open question. Too little would render centromeres dys-
functional [e.g. reducing CENP-A levels to 10% is ultimately incompatible with
viability of cells (Black et al. 2007a)], while too much CENP-A can potentially lead
to neocentromere formation as is the case in Drosophila (Heun et al. 2006; Olszak
et al. 2011).

The amount of CENP-A present at the centromeres is in a direct proportion to
varying total cellular levels (Bodor et al. 2014) suggesting that the CENP-A loading
machinery is not a rate-limiting factor controlling the size of centromeric domain,
rather, it is CENP-A itself. The challenge to our understanding of how CENP-A
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levels are maintained is the fact that the chromatin bound pool does not exchange,
rendering it invisible to a classic equilibrium. There is no apparent communication
between soluble and centromeric CENP-A. This indicates that cells need some
other measure of how much CENP-A is in chromatin and to adjust the assembly
accordingly. Given the nature of a positive feedback loop, in the absence of a
dynamic equilibrium, individual centromeres would have the potential of reaching
extreme values, spinning out of control unless there is a mechanisms to curb the
assembly of new CENP-A. In addition, due to the nature of chromatin recycling
during DNA replication, CENP-A levels would be increasingly variable. Current
evidence indicates that existing centromeric CENP-A is redistributed stochastically
during DNA replication. The ratio in pool size between two sister centromeres
follows a normal distribution averaging at 50/50 with a certain probability that one
daughter centromere inherits a disproportionally larger (or smaller) number of
parental CENP-A nucleosomes (Bodor et al. 2014). It is conceivable that there are
surveillance mechanisms which would monitor and sense imbalanced number of
CENP-A nucleosomes at each centromere. One possibility is that the CENP-A
assembly machinery would incorporate a pool of molecules not in a direct relation
to the number present in chromatin but load in excess, which has been observed
(Jansen et al. 2007; Lagana et al. 2010). In this scenario, the correct amount would
be determined in a later “maturation’’ step, in which the overloaded pool of new
CENP-A would be removed from the centromere having an excess of parental
CENP-A, whereas those with reduced levels would be stripped to a lesser extent
(Fig. 3). Should there be such an eviction mechanism, it would have to allow
discrimination between CENP-A marked for instability versus the one which is
destined to be stably inherited over cell cycle. Whereas molecular steps allowing
eviction of overloaded pool of CENP-A are largely unknown, there are reports of
stabilization of nascent CENP-A occurring in G1 (Lagana et al. 2010; Liu and Mao
2016; Perpelescu et al. 2009), suggesting that addition of CENP-A “stabilization”
mark would happen prior to DNA synthesis. A recent addition to this theme is the
report of ubiquitylation of parental CENP-A as a requirement to recruit nascent
CENP-A (Niikura et al. 2016). Centromeric CENP-A levels could also be nor-
malized during S phase passage, in which the mix of parental and G1-loaded pools
of CENP-A would be coordinately and preferentially segregated to the
grand-daughter centromere which inherited a decreased number of CENP-A
molecules from the previous generation. An elegant model has been proposed
linking the amount of CENP-A assembly in G1 phase directly to the strength of the
centromere in mitosis (Brown and Xu 2009). In this model, weaker centromeres
would bind a smaller number of microtubules that would in turn generate a signal
driving the assembly of a compensatory number of CENP-A molecules in the
subsequent G1 phase (Fig. 1c). One drawback of this model is that it assumes a
proportional nature of kinetochore assembly in relation to the number of CENP-A
molecules. However, variations of this model could be extended to modular
kinetochores (assembled in a fixed rate independently of the number of CENP-A
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nucleosomes). Assuming nearly equal numbers of microtubules attached to each
daughter centromere (due to checkpoint signaling), the signal required to stabilize
the amount of CENP-A molecules would come from the tension generated within
centromeric chromatin. A speculative idea is that only those CENP-A molecules
that are under tension are marked for stability whereas superfluous ones are marked
for removal. In this way, over multiple mitotic divisions the number of CENP-A
molecules would equalize. Individually or in combination, these mechanisms would
have to rely on the presence of a yet to be identified rate limiting factors or a
combination of factors that constitute a more stable measure of centromere size.
These would need to have a capacity to recognize chromatin-bound pool of
CENP-A and contain “counting’’ properties allowing sensing of the size of
CENP-A populated domain. CENP-C, a factor stabilizing CENP-A (Falk et al.
2015) could be one of such factors, limiting CENP-A domain size.

CENP-A assembly

Maturation 
(Eviction+Stabilization)

Propagation

CENP-A in excess CENP-A reduced

Mitotic exit

Parental CENP-A nucleosomes

Newly deposited CENP-A nucleosomes

H3 containing nucleosomes

CENP-A stabilization mark(s)

early G1 
phase

mid G1/
S phase/
Mitosis?

Fig. 3 A model for normalization of CENP-A levels across mitotic divisions. Stochastic
redistribution of CENP-A during S-phase may give rise to daughter centromeres having an
unequal amount of parental nucleosomes upon mitotic exit. To accommodate for this, an excessive
amount of nascent CENP-A is deposited to the centromere in early G1 phase, followed by
selective stabilization of a portion of newly loaded CENP-A molecules. This would occur in an
inverse proportion to the number of parental nucleosomes: the greater the number of parental
nucleosomes is, the smaller the pool of new CENP-A is marked for stability, the remainder of
which will be evicted. The combination of these two processes (stabilization and eviction) could
encompass the previously proposed “´maturation”´ step of centromeric chromatin
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Part II
Epigenetic Contributions to

Centromere Identity and Function



Orchestrating the Specific Assembly
of Centromeric Nucleosomes

Ewelina Zasadzińska and Daniel R. Foltz

Abstract Centromeres are chromosomal loci that are defined epigenetically in
most eukaryotes by incorporation of a centromere-specific nucleosome in which the
canonical histone H3 variant is replaced by Centromere Protein A (CENP-A).
Therefore, the assembly and propagation of centromeric nucleosomes are critical
for maintaining centromere identify and ensuring genomic stability. Centromeres
direct chromosome segregation (during mitosis and meiosis) by recruiting the
constitutive centromere-associated network of proteins throughout the cell cycle
that in turn recruits the kinetochore during mitosis. Assembly of centromere-
specific nucleosomes in humans requires the dedicated CENP-A chaperone
HJURP, and the Mis18 complex to couple the deposition of new CENP-A to the
site of the pre-existing centromere, which is essential for maintaining centromere
identity. Human CENP-A deposition occurs specifically in early G1, into
pre-existing chromatin, and several additional chromatin-associated complexes
regulate CENP-A nucleosome deposition and stability. Here we review the current
knowledge on how new CENP-A nucleosomes are assembled selectively at the
existing centromere in different species and how this process is controlled to ensure
stable epigenetic inheritance of the centromere.

In all eukaryotes centromeres serve as a site of kinetochore formation that facilitates
faithful chromosome segregation during cell division. Centromeres in most species
are characterized by the presence of unique nucleosomes containing the histone H3
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variant Centromere Protein A (CENP-A). However, different organisms employ
distinct strategies to specify centromere location. Budding yeast contain point
centromeres, the location of which is determined by the presence of approximately
150 bp domain with three distinct DNA sequences: CDEI, CDEII, and CDEIII
(Clarke and Carbon 1980; Fitzgerald-Hayes et al. 1982). In budding yeast, these
sequences are sufficient for the establishment of a functional centromere. However,
the wide variation of centromere DNA repeat sequences across species, and indeed
the lack of DNA repetitive elements in several species suggest that DNA sequence
elements may not be critical for centromere function in higher eukaryotes (Allshire
and Karpen 2008; Shang et al. 2010; Wade et al. 2009). Moreover, the existences of
neocentromeres and pseudodicentromeric chromosomes (Scott and Sullivan 2013)
strongly suggest that centromeres do not depend on the underlying DNA sequence
for their inheritance but are epigenetic loci that are stably inhered through epige-
netic processes. Indeed, in higher eukaryotes the centromeric chromatin is defined
by epigenetic chromatin features, primarily by the presence of a centromere-specific
CENP-A histone variant, rather than underlying DNA sequence. CENP-A speci-
fication of epigenetic centromeres means that the process of nucleosome assembly
is a key event in inheritance of the locus.

All histone H3 variants employ distinct mechanisms, facilitated by histone
chaperones, which selectively recognize them upon synthesis and escort to the site
of nucleosome assembly (Filipescu et al. 2014). Similarly, CENP-A uses its own
specific machinery that orchestrates the spatiotemporal assembly of centromeric
chromatin during the cell cycle. In humans new CENP-A incorporation is a mul-
tistep mechanism that involves identification of centromeric chromatin for new
CENP-A incorporation, deposition of newly synthesized CENP-A/H4 and stabi-
lization of CENP-A nucleosomes. Each of those steps requires the activity of
multiple protein factors which work together to ensure that CENP-A nucleosomes
are deposited specifically at the centromeric domain, at the correct time and only
once per cell cycle. Mechanisms regulating CENP-A incorporation are well con-
served across eukaryotes and here we summarize the current knowledge on the
processes regulating new CENP-A deposition in different species.

1 Histone Chaperones and Centromere Assembly

Incorporation of histones into the chromatin requires assembly factors or chaper-
ones that work together to facilitate nucleosome deposition (Burgess and Zhang
2013; Ransom et al. 2010). Histone H3 variants use their specific independent
chaperone complexes that govern a selective recognition and facilitate their depo-
sition in replication-dependent (H3.1 variant) or replication-independent (H3.3 and
CENP-A variants) nucleosome assembly pathways (Sarma and Reinberg 2005;
Szenker et al. 2011; Weber and Henikoff 2014). The major histone variant H3.1 is
deposited into newly replicated naked DNA during DNA replication via the CAF-1
complex that include p150, p60, and p46/48 (Tagami et al. 2004; Tyler et al. 1999,
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2001) The H3.3 variant is regulated by two chaperone complexes distinct from the
H3.1 replication-dependent chaperones responsible for H3.1 deposition. The HIRA
chaperone is devoted to the genome-wide deposition of histone H3.3 at active and
repressed genes (Chow et al. 2005; Goldberg et al. 2010; Lewis et al. 2010; Mito
et al. 2005; Szenker et al. 2011; Tagami et al. 2004; Tamura et al. 2009). DAXX
also acts as a chaperone for H3.3 and mediates H3.3 deposition at telomeric and
pericentric heterochromatin in conjunction with the H3K9-binding protein ATRX
(Goldberg et al. 2010; Lewis et al. 2010).

Similar to the other H3 variants, the centromere-specific histone H3 variant
CENP-A interacts with a dedicated chaperone prior to deposition into chromatin.
Prenucleosomal human CENP-A associates with the Holliday junction recognition
protein (HJURP) (Dunleavy et al. 2009; Foltz et al. 2009; Shuaib et al. 2010).
HJURP is necessary for incorporation of vertebrate CENP-A into the centromeric
chromatin and is recruited to centromeres in early G1, when new CENP-A assembly
is occurring (Fig. 1) (Bernad et al. 2011; Dunleavy et al. 2009; Foltz et al. 2009;
Jansen et al. 2007). Suppression of HJURP completely abolishes new CENP-A
deposition, results in errors in kinetochore assembly and ultimately leads to a high
rate of chromosome segregation defects (Dunleavy et al. 2009; Foltz et al. 2009).

The centromere targeting domain (CATD) of CENP-A is sufficient to determine
the centromeric deposition of CENP-A. The CATD domain spans loop 1 and the a2
helix of CENP-A and when replaced with corresponding domain within canonical
H3.1 was demonstrated to confer both HJURP binding and centromeric localization
(Black et al. 2007; Foltz et al. 2009). His 104 and Leu112 residues within the
CATD C-terminal region, together with either Asn85 or Gln89 within CATD
N-terminus, are sufficient to confer HJURP binding, but not sufficient to facilitate
centromere incorporation (Bassett et al. 2012).

HJURP specifically recognizes the CATD domain of CENP-A through its
N-terminal CENP-A binding domain (Fig. 2). The CENP-A binding domain of
HJURP shares homology with the yeast Scm3 proteins that also act as CENP-A
(Cse4, Cnp1)-specific chaperone (Figs. 2 and 3) (Camahort et al. 2007; Mizuguchi
et al. 2007; Pidoux et al. 2009; Sanchez-Pulido et al. 2009; Stoler et al. 2007;
Williams et al. 2009). Although the mechanism of centromere inheritance between
budding yeast and humans is very different, both systems are dependent on a
CENP-A-specific histone chaperone. HJURP binds CENP-A through the conserved
Scm3 domain. A number of residues within yeast Scm3 were proposed to be
essential for CENP-ACnp1 incorporation including Leucine 56 and Leucine 73. The
fact that those key residues required for CENP-ACnp1 deposition are conserved as
hydrophobic amino acids in other eukaryotes, including humans, implies the
mechanism by which CENP-A is selectively recognized and deposited at cen-
tromeric chromatin by its chaperone is common between yeast and humans (Cho
and Harrison 2011; Pidoux et al. 2009).

In contrast to HJURP, which is recruited to centromeres with a refined temporal
window when new CENP-A nucleosomes assembly occurs, the fission yeast Scm3
protein remains associated with the centromere throughmost of the cell cycle (Pidoux
et al. 2009). This localization may provide a mechanism to insure the reassembly of
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Fig. 1 The model of cell cycle regulated CENP-A deposition in humans. New CENP-A deposition
occurs exclusively during early G1 and protein complexes involved are depicted in the model.
HJURP binds the newly synthesized CENP-A/H4 complex in prenucleosomal form (Dunleavy
et al. 2009; Foltz et al. 2009; Shuaib et al. 2010). H4K5Ac and H4K12Ac histone marks present in
the CENP-A prenucleosomal complex are dependent upon RbAp46/48/HAT1 activity and required
for CENP-A deposition (Shang et al. 2016). HJURP/CENP-A/H4 localization relies on the Mis18
complex (Barnhart et al. 2011; Fujita et al. 2007). The CENP-A deposition machinery is controlled
by CDK activity. Cell cycle regulated and CDK1/CDK2-dependent phosphorylation of Mis18BP1
and HJURP prevents premature CENP-A loading during G2 and mitosis, and dephosphorylation of
these proteins occurs prior new CENP-A deposition in G1 (Muller et al. 2014; Silva et al. 2012).
G1-coupled and PLK1-mediated phosphorylation of the Mis18 complex promotes its centromeric
localization and CENP-A deposition (McKinley and Cheeseman 2014). Mis18BP1 is recruited to
centromeres upon its direct interaction with CENP-C (Dambacher et al. 2012). Human Mis18a and
Mis18b form a multi subunit complex which is recruited to the centromere through interaction of
Mis18a with Mis18BP1 and Mis18b with CENP-C (Nardi et al. 2016; Stellfox et al. 2016). HJURP
mediates deposition of CENP-A nucleosomes, and histone H3.3 placeholder is removed from the
centromeric chromatin (Dunleavy et al. 2011). Following new CENP-A deposition centromeric
nucleosomes are stabilized and protein factors involved in this process are depicted in the model.
During DNA replication existing CENP-A nucleosomes are retained across the replication fork
(Bodor et al. 2014; Jansen et al. 2007)
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CENP-ACnp1 in the event of centromeric chromatin disruption, or to block the
ubiquitination and degradation of centromeric CENP-ACnp1. Alternatively Scm3may
provide additional function at the centromere beyond CENP-ACnp1 deposition.

The crystal structures of both yeast Scm3/CENP-ACse4/H4 and human
HJURP-Scm3/CENP-A/H4 complexes demonstrate that the association of CENP-A
(Cse4) with its chaperone prevents CENP-A/H4 tetramer formation, and precludes
spontaneous DNA interactions by the histone complex in the prenucleosomal form
(Cho and Harrison 2011; Hu et al. 2011). Vertebrate HJURP is much larger than its
yeast orthologue Scm3, and contains several domains that are absent from both the
S. pombe and S. cerevisiae orthologues (Fig. 3) (Sanchez-Pulido et al. 2009).
Similar to S. cerevisiae Scm3, human HJURP was demonstrated to mediate an

Fig. 2 Molecular organization of CENP-A-specific chaperone in different species. Domains
identified within CENP-A chaperones among different species and their roles are depicted
(Barnhart et al. 2011; Bassett et al. 2012; Cho and Harrison 2011; Dechassa et al. 2011; Hu et al.
2011; Muller et al. 2014; Sanchez-Pulido et al. 2009; Schittenhelm et al. 2010; Shuaib et al. 2010;
Wang et al. 2014; Zasadzinska et al. 2013). The Scm3 domain is conserved among eukaryotes
except for the Drosophila melanogaster where the similarity was assessed based on both sequence
and secondary structure similarity (Phansalkar et al. 2012; Sanchez-Pulido et al. 2009).
HMD-HJURP mid domain; HCTD1-HJURP carboxy terminal domain 1; HCTD2-HJURP
carboxy terminal domain 2
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interaction with DNA through its “mid” domain (HMD), which is required for new
CENP-A deposition (Fig. 2) (Muller et al. 2014; Xiao et al. 2011). It is not known
whether in addition to its ability to bind DNA, HJURP also has a capacity to
interact with RNA. Given the evidence that RNA plays a role in centromere
specification and HJURP recruitment it is an outstanding question that awaits future
studies (Bergmann et al. 2011; Quenet and Dalal 2014a).

Centromeric recruitment of HJURP is independent of CENP-A binding and is
mediated by the HJURP carboxyl terminal domain 1 (HCTD1) (Fig. 2) (Wang et al.
2014; Zasadzinska et al. 2013). The HJURP carboxyl terminal domain 2 (HCTD2)
serves as a homo-dimerization interface and facilitates HJURP self-association,
consistent with formation of the budding yeast Scm3/CENP-ACse4/H4 hexamer and
Scm3 self-association in fission yeast. In those species the multimerization medi-
ated by the CENP-A chaperone is required for new CENP-A deposition (Mizuguchi
et al. 2004; Pidoux et al. 2009; Wang et al. 2014; Zasadzinska et al. 2013). This
evidence provides a mechanism by which prenucleosomal HJURP complex brings
two CENP-A molecules to the site of CENP-A deposition consistent with the
CENP-A nucleosomes forming an octamer. Alternatively, one HJURP present in
the prenucleosomal complex brings newly synthetized CENP-A/H4 heterodimer,
and the other HJURP molecule can recognize CENP-A present within centromeric
chromatin, consistent with the hemisome hypothesis (Wang et al. 2014;
Zasadzinska et al. 2013).

The proposed role of the histone chaperone has been to preclude the stochastic
interactions between the histone protein and DNA prior to nucleosomes assembly.
Consistent with this idea, the interaction of HJURP with the CENP-A/H4

JFig. 3 Protein complexes involved in CENP-A deposition pathway in eukaryotes. The compar-
ison of CENP-A deposition machinery across species. All conserved proteins involved in the
CENP-A deposition pathway are colored similarly. Budding yeast point centromeres are specified
by unique DNA elements: CDEI, CDEII, and CDEIII (Clarke and Carbon 1980; Fitzgerald-Hayes
et al. 1982), which are required for recruitment of DNA-binding proteins as depicted in the model.
The regional centromeres in fission yeast and higher eukaryotes are specified by the presence of
CENP-A containing nucleosomes. CENP-A incorporation into centromeric chromatin is mediated
by its distinct histone chaperone HJURP in vertebrates, Scm3 in yeast and CAL1 in Drosophila
melanogaster (Barnhart et al. 2011; Bernad et al. 2011; Camahort et al. 2007; Dechassa et al.
2011; Dunleavy et al. 2009; Foltz et al. 2009; Mizuguchi et al. 2007; Pidoux et al. 2009; Shuaib
et al. 2010; Stoler et al. 2007; Williams et al. 2009). HJURP and Scm3 share common ancestry, as
depicted on the model, and CAL1 shares similarity to Scm3 based on the sequence and secondary
structure similarity (Phansalkar et al. 2012; Sanchez-Pulido et al. 2009). CENP-C is conserved in
all eukaryotes but its essential role in centromere specification is restricted to higher eukaryotes
where it is required for recruitment of the Mis18 complex (Dambacher et al. 2012; Moree et al.
2011). The role of the Mis18 complex in CENP-A deposition pathway is conserved from fission
yeast to humans; however, no Mis18 homologue was identified in Drosophila (Fujita et al. 2007;
Maddox et al. 2007). The fission yeast has only one copy of Mis18 protein and the function of Mis
8BP1 was replaced by the Eic1 protein (Hayashi et al. 2014; Subramanian et al. 2014). Human
Mis18 complex is a multisubunit complex composing of Mis18a/b and Mis18BP1 (Fujita et al.
2007; Maddox et al. 2007; Nardi et al. 2016). CENP-A deposition in Drosophila requires active
transcription mediated by the FACT and RNA Polymerase II (Chen et al. 2015)
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heterotetramer blocks several key residues along the DNA interface of CENP-A
(Cse4) (Cho and Harrison 2011; Hu et al. 2011). In addition, histone chaperones are
known to facilitate the assembly of histone subunits into nucleosomes. Both Scm3
and HJURP mediate CENP-A (Cse4) nucleosome assembly in vitro (Barnhart et al.
2011; Camahort et al. 2009; Dechassa et al. 2011; Shivaraju et al. 2011). Much
consideration has been given to whether the CENP-A nucleosome adopts
non-canonical forms which have been reviewed extensively (Black and Clevel
2011; Quenet and Dalal 2012). Deposition experiments suggest that, while
CENP-A may take on varied conformations, the CENP-A chaperone facilitates the
formation of octameric nucleosomes with a left-handed wrap of the DNA (Barnhart
et al. 2011; Dechassa et al. 2011).

2 Prenucleosomal Posttranslational Modifications
and CENP-A Deposition

CENP-A is bound to its chaperone as a heterodimer with histone H4, thus modi-
fication of H4 may contribute to CENP-A nucleosome assembly. Indeed, histone
H4 is acetylated on K5ac and K12ac within the prenucleosomal complex, and these
modifications are necessary for CENP-A deposition (Fig. 1) (Shang et al. 2016).

Human RbAp46 (a.k.a. RBBP7) and RpAp48 (a.k.a. RBBP4) are highly
homologous genes whose protein products are present in many chromatin remod-
eling complexes (Loyola and Almouzni 2004). Mutants of the S. pombe homolog of
the RbAp proteins, Mis16, cause chromosome segregation defects due to a failure
to assemble CENP-ACnp1 nucleosomes (Hayashi et al. 2004). RbAp46/48
co-purified with HJURP in the prenucleosomal CENP-A complex (Dunleavy
et al. 2009; Shuaib et al. 2010). A crystal structure of the Mis16-Scm3-
CENP-ACnp1/H4 complex shows that Mis16 contacts both the Scm3 chaperone and
histone H4 (An et al. 2015). Depletion of RbAp proteins reduces HJURP recruit-
ment and new CENP-A deposition (Dunleavy et al. 2009; Shang et al. 2016). K5
and K12 acetylation of the histone H4 bound to CENP-A within the prenucleo-
somal complex are dependent on RbAp48, and these modifications are required for
CENP-A deposition in vivo (Fig. 1) (Shang et al. 2016). In the Xenopus system
H4K5 and H4K12 acetylation marks in prenucleosomal CENP-A complex are
dependent upon HAT1 activity (Shang et al. 2016) which is also required for
CENP-A deposition in Drosophila (Boltengagen et al. 2016). Therefore, a major
role of RbAP48 may be the recruitment of the histone acetyltransferase required for
modifying Histone H4. What components may read out the presence of H4
acetylation within the assembly pathway is not known.

RbAp46 and RbAp48 depletion results in reduced HJURP protein levels
(Dunleavy 2009) and a second role for these proteins may be in regulating the
stability of the CENP-A prenucleosomal complex (Mouysset et al. 2015). RbAP46
forms a complex with the CRL4 ubiquitin ligase, a member of the
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cullin-RING-ligase family, and DDB1 protein (where DDB1 mediates the associ-
ation of CUL4 with its substrate-specific receptor—RbAP46) (Lee and Zhou 2007;
Mouysset et al. 2015). RbAp46 is required for stabilizing CENP-A protein levels
and the CRL4-RbAp46 complex activity promotes efficient new CENP-A deposi-
tion in humans (Mouysset et al. 2015). This is in contrast to studies in yeast and
Drosophila, where the association of CENP-A with the SCF E3-ubiquitin ligase
complex leads to CENP-A degradation (see below).

Two different posttranslational modifications of human CENP-A are proposed to
be important for CENP-A deposition. These are phosphorylation of serine 68 and
ubiquitylation of lysine 124 (Niikura et al. 2015; Yu et al. 2015). Both modifica-
tions are located outside of the CATD domain that is sufficient for HJURP binding,
and situated on the helix a1 and helix a3 of CENP-A, respectively. However, both
are proposed to influence HJURP binding to CENP-A. CENP-A lysine 124 (K124)
in humans undergoes mono- and di-ubiquitylation mediated by the
CUL4A-RBX1-COPS8 E3 ligase complex (Niikura et al. 2015). Downregulation of
any of the CUL4A-RBX1-COPS8 subunits or mutation of Lys124 leads to loss of
centromeric CENP-A in mitosis and interphase cells. Mutation of CENP-A lysine
124 weakens the interaction with CENP-A chaperone HJURP.

Phosphorylation at CENP-A-Ser68 is proposed to preclude its interaction with
HJURP, negatively regulating new CENP-A deposition. CENP-A Ser68 phos-
phorylation depends on Cdk1/cyclin B activity during early mitosis and PP1a
phosphatase dephosphorylates Ser68 in late mitosis, making CENP-A competent
for HJURP binding and new incorporation in the following G1 (Yu 2015). While
the phosphomimetic S68Q mutation appears to preclude HJURP binding both
in vivo and in vitro (Hu et al. 2011; Yu et al. 2015), Bassett et al. reported that
S68Q substitution within CENP-A has no effect on HJURP-mediated targeting and
subsequent incorporation into chromatin at non-centromeric sites. Moreover,
recombinant CENP-A containing the S68Q mutation forms a complex in vitro with
HJURP with similar efficiency when compared to the wild-type form (Bassett et al.
2012). Despite the effects observed in vivo for the S68 and K124 mutations, both
mutations are fully able to rescue CENP-A null cells, suggesting that these modi-
fications are not essential for the process of centromere specification and inheritance
(Fachinetti 2016).

In budding yeast, Psh1 prevents ectopic localization of CENP-ACse4

(Hewawasam et al. 2010; Ranjitkar et al. 2010). Psh1 is an E3 ubiquitin ligase that
was identified as associated with yeast CENP-ACse4 in immunoprecipitation
experiments and characterized as a kinetochore and centromere-associated protein.
Psh1 regulates CENP-ACse4 levels by ubiquitylating CENP-ACse4 and targeting it
for proteolysis, thus preventing its accumulation outside the centromeric chromatin.
Psh1 and Scm3 both recognize the CENP-ACse4-CATD domain; therefore, Scm3
appears to protect CENP-ACse4 from the Psh1-mediated ubiquitination and subse-
quent degradation (Hewawasam et al. 2010; Ranjitkar et al. 2010). In flies,
CENP-ACID directly interacts with the with the F-Box Protein Partner of Paired
(Ppa), a variable component of a SCF E3-ubiquitin ligase complex in Drosophila.
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Ppa binds CENP-ACID through the CATD domain and regulates its stability
(Cardozo and Pagano 2004; Moreno-Moreno et al. 2011; Nakayama and Nakayama
2006; Schuh et al. 2007).

3 Coupling Chaperone Recruitment to Existing
Centromeres

Human centromeres range from 0.3 to 5 Mbp in size and account for less than 1%
of the chromosome (Cleveland et al. 2003). The restriction of centromeres to a
single locus ensures the stable inheritance of centromeres by avoiding situations
where multiple centromeres on one chromosome could make attachments to
opposing poles and result in chromosome breakage during mitosis.

The recruitment of the CENP-A-specific histone chaperone to the existing
centromere is an essential step in epigenetic inheritance. Mis18 is a key adapter
protein that mediates the recruitment of the CENP-A chaperone to centromeres in
several organisms (Figs. 3 and 4), but is absent from organisms with point cen-
tromeres. Mis18 was originally identified in a genetic screen in fission yeast to
identify genes required for proper chromosome segregation (Hayashi et al. 2004).
spMis18 mutants eliminate CENP-ACnp1 incorporation to centromeres and Mis18
directly interacts with Scm3 to determine its recruitment (Pidoux et al. 2009). In
humans, Mis18 exists as a complex comprised of Mis18a, Mis18b, and Mis18BP1
proteins (Figs. 3 and 4). The Mis18 complex is essential for the recruitment of
HJURP and CENP-A to the centromeric chromatin due to a direct interaction with
the HJURP centromere targeting domain within the HCTD1 (Fig. 2) (Barnhart et al.
2011; Fujita et al. 2007; Nardi et al. 2016; Wang et al. 2014). Mis18 proteins do not
require HJURP for recruitment, demonstrating that they are upstream components
of the pathway (Barnhart et al. 2011; Bernad et al. 2011). Consistent with studies in
yeast, depletion of the Mis18 complex subunits in human cells results in a high rate
of chromosome segregation defects and loss of centromeric CENP-A (Fujita et al.
2007). The role of the Mis18 proteins in the CENP-A deposition pathway is evo-
lutionarily conserved, as depletion of Mis18BP1 (KNL-2) homologues in
C. elegans and Xenopus also leads to defects in CENP-A deposition in these
species, although, as we discussed below, the pathway has undergone several
permutations in different organisms (Maddox et al. 2007; Moree et al. 2011).

Since the Mis18 proteins are required for HJURP recruitment, the key question
becomes how the Mis18 protein recognizes the existing centromere. CENP-A
nucleosomes recruit the CCAN (constitutive centromere-associated network), a
multiprotein complex comprised of 16 subunits, present at the centromere
throughout the cell cycle, that serves as a structural core for kinetochore assembly
during mitosis (Amano et al. 2009; Cheeseman and Desai 2008; Earnshaw et al.
1986; Foltz et al. 2006; Izuta et al. 2006; McKinley and Cheeseman 2016;
Nishihashi et al. 2002; Okada et al. 2006; Saitoh et al. 1992; Sugata et al. 1999). The
CENP-C component of the CCAN directly recognizes the CENP-A nucleosome

174 E. Zasadzińska and D.R. Foltz



(Carroll et al. 2010; Guse et al. 2011; Kato et al. 2013). New CENP-A nucleosomes
within the alpha satellite DNA are assembled directly adjacent to the existing
CENP-A (Ross et al. 2016). CENP-C plays a crucial role in recruiting the proteins
required for CENP-A deposition (Figs. 1 and 2), and thus links the existing cen-
tromere to the assembly of new CENP-A nucleosomes in early G1. CENP-C
interacts directly with two proteins within the Mis18 complex, Mis18BP1 and
Mis18b (Dambacher et al. 2012; Moree et al. 2011; Stellfox et al. 2016). CENP-C
depletion causes defects in Mis18BP1 and HJURP recruitment and leads to loss of
CENP-A chromatin assembly (Dambacher et al. 2012; Moree et al. 2011; Stellfox
et al. 2016).

Fig. 4 Conservation of CENP-A deposition factors across species. Table detailing the conserved
proteins involved in CENP-A deposition pathway as well as timing of CENP-A deposition in
different model organisms (Bernad et al. 2011; Dunleavy et al. 2007; Jansen et al. 2007; Maddox
et al. 2007; Mellone et al. 2011; Moree et al.2011; Pearson et al. 2004; Schuh et al. 2007;
Takayama et al. 2008)
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The pivotal role that CENP-C plays in determining the site of centromeric
chromatin assembly is exemplified by experiments in chicken DT40 cells, where the
endogenous centromere is conditionally removed and the functional kinetochore
assembled at an ectopic LacO locus. These experiments show that tethering the
LacI-fused HJURP or full-length CENP-C are sufficient to recruit CENP-A in order
to establish a functional epigenetic de novo centromere (Hori et al. 2013). Although
tethering the CENP-C N-terminus (1–643 aa) in this system is sufficient to recruit
microtubule binding proteins and the CPC complex, it fails to incorporate CENP-A
nucleosomes (Hori et al. 2013). This is consistent with the identification of the
N-terminus of CENP-C as the region of interaction with Mis18BP1 and Mis18b
(Dambacher et al. 2012; Moree et al. 2011; Stellfox et al. 2016). In contrast, CENP-C
homologues in yeast (Mif2 and Cnp3) are not essential to facilitate CENP-A
deposition (Fig. 3) (Meluh and Koshland 1995, 1997; Westermann et al. 2003).

Additional factors in the CCAN also contribute to directing new CENP-A
nucleosome deposition. Depletion of the CENP-HIKM complex in chicken cells
compromise the incorporation of newly synthesized CENP-A (Okada et al. 2006).
Consistent with this observation, fission yeast CENP-IMis6 and CENP-KSim4 are
required for CENP-A nucleosome deposition (Fig. 3) (Pidoux et al. 2009;
Takahashi et al. 2000). Similar to CENP-C, tethering CENP-I to a non-centromeric
site in chicken DT40 cells drives new CENP-A deposition and forms an epigenetic
centromere (Hori et alz et al. 2013). This suggests that the CCAN components play
a dual role, and are required for both centromere specification in G1 and recruitment
of kinetochore components during mitosis.

Budding yeast centromeres are determined by DNA sequence. And although
they share a homologous CENP-A chaperone, Scm3, the mechanism by which
Scm3 is recruited to centromeres is distinct from epigenetic centromeres (Fig. 3).
The centromere-determining elements (CDE) in budding yeast are essential for
recruitment of a DNA-binding protein Cbf1 specifically recognizing CDEI and a
multisubunit protein complex: CBF3 (centromere binding factor 3), containing
Ndc10, Cep3, Ctf13, and Skp1, associated with CDEIII DNA element (Cho and
Harrison 2011; Doheny et al. 1993; Goh and Kilmartin 1993; Hyman et al. 1992;
Lechner and Carbon 1991; Mizuguchi et al. 2007; Russell et al. 1999; Strunnikov
et al. 1995). The CBF3 subunit-Ndc10 is required for the recruitment of the Scm3
chaperone and subsequent deposition of the CENP-ACse4 containing nucleosome
(Camahort et al. 2007; Mizuguchi et al. 2007).

4 The Chromatin Landscape Influence on CENP-A
Deposition

CENP-A nucleosomes are interspersed with the canonical H3 nucleosomes within
the centromeres of flies and humans (Blower et al. 2002). Centromeres were ini-
tially thought to be transcriptionally silent loci, a characteristic that is consistent
with the posttranslational modifications found in the surrounding pericentric

176 E. Zasadzińska and D.R. Foltz



heterochromatin (Peters et al. 2001; Ribeiro et al. 2010; Rice et al. 2003). However,
studies in human and Drosophila-derived chromatin fibers demonstrated that
H3K9me2 and H3K9me3 marks are absent from the CENP-A (CID) domain (Lam
et al. 2006; Sullivan and Karpen 2004). Furthermore, histone H3 nucleosomes
found interspersed with CENP-A nucleosomes in humans are decorated with his-
tone marks associated with active or poised chromatin, such as H3K4me1/2 and
H3K36me2/3 (Bergmann et al. 2011; Sullivan and Karpen 2004). The histone
H3K4 trimethylation, associated with actively transcribed regions, is absent from
the centromeric core domain in humans and Drosophila, but is present at chicken
centromeric DNA (Ribeiro et al. 2010; Sullivan and Karpen 2004). Until recently
the centrochromatin-localized histones in higher eukaryotes were thought to be
hypo-acetylated and lack acetylated marks found generally in euchromatin such as
H3K9Ac, H4K5Ac, H4K8Ac, H4K12Ac, or H4K16Ac. However, a recent study
documented the presence of H4K5Ac and H4K12Ac within CENP-A containing
nucleosomes in chicken and humans (Bailey et al. 2016; Shang et al. 2016; Sullivan
and Karpen 2004).

Transcripts from centromeric repeat sequences have been observed in multiple
model organisms (Bergmann et al. 2011; Bouzinba-Segard et al. 2006; Carone et al.
2009, 2013; Chan et al. 2011, 2012; Eymery et al. 2009; Hall et al. 2012; Lam et al.
2006; May et al. 2005; Ohkuni and Kitagawa 2011; Quenet and Dalal 2014b;
Stimpson and Sullivan 2010; Topp et al. 2004; Wong et al. 2007). Active RNA
Polymerase II is recruited to endogenous human centromeres during mitosis and
early G1 (Chan et al. 2012; Quenet and Dalal 2014b). Inhibition of
RNA-Polymerase-II-mediated transcription in HeLa cells leads to decreased
a-satellite transcript levels in mitosis, loss of CENP-C recruitment to endogenous
centromeres, and chromosome segregation defects (Chan et al. 2012). The mech-
anistic role of centromeric transcripts and the act of transcription in centromere
function is not yet clear, although histone H3 eviction may be a key aspect.

Utilizing a synthetic human artificial chromosome (HAC), Bergmann et al.
demonstrated that the presence of H3K4me2 and transcription events at the cen-
tromere play a critical role in CENP-A assembly and centromere function by
altering the recruitment of CENP-A deposition machinery (Bergmann et al. 2011).
Tethering a lysine-specific demethylase 1 (LSD1) to the HAC centromeric domain
leads to removal of H3K4 methylation and results in loss of transcription of
a-satellite DNA at this loci. This correlates with loss of HJURP localization,
impaired CENP-A deposition, and ultimately leads to loss of kinetochore function
(Bergmann et al. 2011).

Biochemical purification of RNA associated with the prenucleosomal
CENP-A/HJURP complex identified a 1.3 kb RNA product that co-localizes with
a-satellite DNA and CENP-A, and hybridizes to centromeric a-satellite probes,
suggesting it originated from a-satellite transcripts (Quenet and Dalal 2014a).
Targeting of a-satellite transcripts as well as other centromere-derived RNAs by
siRNA in vivo results in reduced CENP-A and HJURP recruitment to the cen-
tromere, suggesting that the RNA component partially encoded within a-satellite
DNA plays a role in CENP-A deposition pathway (Quenet and Dalal 2014a).
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Exactly how RNAs are associated with the CENP-A prenucleosomal complex is
still unknown, as well as how this association would contribute mechanistically to
CENP-A deposition.

A strong link between CENP-A deposition and transcription was demonstrated
in Drosophila. Chen et al. using an inducible ectopic centromere approach
demonstrated that new CENP-ACID deposition at the ectopic centromere requires
transcription (Fig. 3) (Chen et al. 2015). The mass spec analysis of binding partners
of the Drosophila CENP-ACID chaperone CAL1 in vivo identified two subunits of
the FACT complex: Spt16 and SSRP1, both of which physically interact with
CAL1. FACT was also previously found associated with centromere in human cells
(Foltz et al. 2009; Obuse et al. 2004). FACT is involved in transcription elongation
from chromatin templates in vitro and promoting deposition of histone H3.3
nucleosomes in vivo in Drosophila (Orphanides et al. 1998). Spt16 and SSRP1
subunits colocalize with CENP-ACID in Drosophila cells and downregulation of
FACT leads to defects in CENP-ACID recruitment at endogenous centromeres.
CAL1 along with FACT facilitates RNA-Polymerase-II-mediated transcription at
the site of CENP-ACID deposition, which is required for CENP-ACID incorporation
to occur. In support to these findings other groups reported localization of the active
form of RNA Polymerase II at endogenous centromeres in Drosophila during
mitosis, which is coincident with new CENP-ACID deposition timing (Rosic et al.
2014).

In addition to the role of the Mis18 complex in the recognition of the CCAN and
direct recruitment of HJURP, the Mis18 complex influences posttranslational
modifications within the centromeric chromatin (Kim et al. 2012). Deletion of
Mis18 in S. pombe leads to increased levels of histone H3 and H4 acetylation at
centromeres (Hayashi et al. 2004). In vertebrates, the Mis18 complex influences
histone modifications and DNA methylation. Knockout of Mis18a in mice leads to
reduced H3K9 and H3K4 methylation and increased acetylation within centromeric
repeats (Kim et al. 2012). The de novo methyltransferase enzymes DNMT3a/b are
also recruited to centromeres by Mis18a/b (Kim et al. 2012). Downregulation of
DNMT3b or Mis18a leads to increased transcription of centromeric repeats
(Gopalakrishnan et al. 2009). However, the importance of DNMT3a/b in cen-
tromere function is unclear since cells lacking DNTM3a/b are viable (Reviewed in
Brown and Robertson 2007).

More recently Mis18BP1 was shown to recruit the KAT7 lysine methyltrans-
ferase complex to centromeres (Ohzeki et al. 2016). Disruption of the KAT7
complex leads to reduced CENP-A deposition. KAT7 in conjunction with RSF1
may regulate histone turnover to facilitate new CENP-A deposition in G1. In future
work it will be important to determine exactly how the Mis18 complex may inte-
grate multiple downstream chromatin modifying pathways to promote centromere
deposition.
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5 Licensing of Centromere Assembly

CENP-A incorporation into the centromeric chromatin is cell cycle regulated,
although the timing of CENP-A deposition differs across species (Figs. 1 and 4)
(Allshire and Karpen 2008; Boyarchuk et al. 2011). Budding yeast CENP-ACse4

incorporation is coincident with DNA replication (Pearson et al. 2004; Wisniewski
et al. 2014). Similarly, in fission yeast, CENP-A deposition occurs during early S
phase, but also during G2 phase (Takayama et al. 2008). In vertebrates, new
CENP-A incorporation is uncoupled from DNA replication and restricted to late
telophase/early G1 phase (Bernad et al. 2011; Jansen et al. 2007; Silva et al. 2012).

The process of human CENP-A deposition occurs via a licensing mechanism
that restricts deposition to the G1 phase and controls the assembly of CENP-A to
ensure that only a limited amount of new CENP-A is assembled in each cell cycle.
The timing of CENP-A deposition is restricted to the early G1 phase by inhibition
of CENP-A deposition through CDK activity, which is high during S and
G2-phase, and drops rapidly following satisfaction of the mitotic checkpoint
(Fig. 1) (Silva et al. 2012). Although CENP-A transcript and protein levels accu-
mulate from mid-S phase into G2, CDK1/CDK2-dependent phosphorylation of
Mis18BP1 prevents from premature CENP-A loading during this time (Silva et al.
2012). Mis18BP1 dephosphorylation occurs during early G1, coincident with new
CENP-A deposition. The PLK1 kinase positively regulates CENP-A deposition.
PLK1 phosphorylates the Mis18 complex during G1 to promote its recruitment to
centromeres (Fig. 1) (McKinley and Cheeseman 2014). Inhibition of the PLK1
kinase activity abrogates new CENP-A deposition. The opposing functions of
PLK1 and CDK1 phosphorylation provide tight temporal control of CENP-A
deposition by limiting Mis18 recruitment.

The assembly of CENP-A nucleosomes in G1 is limited by at least two mech-
anisms. The Mis18 complex forms a conserved multimer (Nardi et al. 2016;
Subramanian et al. 2016). Mis18 binds the centromere stably in late telophase.
Binding of HJURP to Mis18 disrupts the Mis18 multimer and eliminates the ability
of Mis18 to continue to interact with the centromere, essentially removing the
signal for HJURP recruitment, and blocking further CENP-A deposition at that site.
In addition, the Mis18b subunit undergoes ubiquitylation and degradation by the
SCFbTrCP E3 ubiquitin ligase, thus degrading the signal for HJURP recruitment to
centromeres (Kim et al. 2014).
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6 Viva la Difference—Evolutionary Diversity in CENP-A
Deposition Pathways

Despite the high degree of conservation between the CENP-A-binding domains
within the HJURP and Scm3 chaperones, that spans billions of years of evolution,
there is a great variety in the CENP-A deposition pathways across organisms
(Figs. 3 and 4). This likely reflects the unique strategies for centromeric chromatin
assembly that these organisms employ.

Drosophila species lack a clear HJURP homolog, but an siRNA screen for genes
involved in CENP-ACID centromere deposition in Drosophila S2 cells identified
CAL1 (chromosome alignment defect 1) as a key factor (Erhardt et al. 2008).
Drosophila CAL1 is a fly-specific protein that functions as a CENP-ACID chaper-
one (Chen et al. 2014; Erhardt et al. 2008; Goshima et al. 2007). Despite the small
similarity to the Scm3 domain of K.lactis, based on sequence and secondary
structure, CALI does not share common ancestry with yeast Scm3 and human
HJURP (Phansalkar et al. 2012; Sanchez-Pulido et al. 2009). CAL1 directly binds
to CENP-ACID/H4 dimer and was shown to function as the CENP-ACID-specific
assembly factor in fruit flies (Chen et al. 2014). Its depletion in Drosophila results
in loss of centromeric CENP-ACID localization and is associated with chromosome
segregation defects (Chen et al. 2014; Erhardt et al. 2008; Goshima et al. 2007).
Both HJURP and CAL1 are sufficient to promote de novo centromere establish-
ment. Tethering HJURP to the chromosome arm or to a naïve alpha satellite array is
sufficient to facilitate CENP-A deposition outside of the centromeric chromatin and
results in formation of a functional kinetochore at an ectopic site in human cells
(Barnhart et al. 2011; Ohzeki et al. 2012). Similarly, targeting CAL1 to an ectopic
site was demonstrated to mediate de novo CENP-ACID deposition in Drosophila,
which leads to formation of a de novo centromere outside of the endogenous
centromeric loci (Chen et al. 2014). This de novo centromere is epigenetically
maintained and serves as platform for recruitment of a functional kinetochore (Chen
et al. 2014). There are several organisms that contain CENP-A nucleosomes for
which a functional chaperone has not been identified, including the well-studied
nematode C. elegans (Fig. 4). C. elegans have holocentric chromosomes in which
the centromere position may be variable and obfuscate the need for specific tar-
geting of the CENP-A histone variant.

Conservation of the Mis18 complex is also highly variable across species.
Species as divergent as S. pombe and humans possess Mis18, but in higher
eukaryotes the Mis18 gene underwent duplication (Fig. 4). The Mis18 paralogs,
termed Mis18a and Mis18b, share about 30% sequence identity, but have diverged
in their function in higher eukaryote centromeres (Fujita et al. 2007; Hayashi et al.
2004; Stellfox et al. 2016). The Mis18 complex has not been identified in
Drosophila or S. cerevisiae (Fig. 4). In both cases, these organisms have devised
alternative strategies to couple the CENP-A chaperones to the existing centromere.
CALI binds CENP-C in Drosophila and the Ndc10 complex, which directly rec-
ognizes DNA, recruits the Scm3 chaperone in budding yeast (Camahort et al. 2007;
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Doheny et al. 1993; Erhardt et al. 2008; Goh and Kilmartin 1993; Jiang et al. 1993;
Lechner and Carbon 1991; Mellone et al. 2011; Sorger et al. 1995).

While S. pombe possess a Mis18 homolog, it lacks the vertebrate Mis18BP1
orthologue (Fig. 4). The Mis18BP1 function in S. pombe is replaced by the Eic1
protein (a.k.a Mis19) (Fig. 3). The Eic1 and Eic2 proteins co-purified with the
spMis18 and exhibit a similar temporal pattern of centromeric localization
throughout the cell cycle (Hayashi et al. 2014; Subramanian et al. 2014). Eic1 was
demonstrated to be essential for the recruitment of the Mis18, Mis16, and Scm3
proteins to the centromere and for CENP-ACnp1 incorporation. However, Eic2 is
dispensable for recruitment of CENP-ACnp1 to the centromere. This suggests Eic1 is
functionally analogous to the Mis18BP1 subunit in recruitment of CENP-A
deposition, although Eic1 is evolutionary distinct and does not share any apparent
sequence homology to Mis18BP1 (Hayashi et al. 2014; Subramanian et al. 2014).

7 Centromere Stabilization and Re-organization

The recruitment of CENP-A to centromeres via HJURP and Mis18 is not sufficient
for the stability of CENP-A, but requires additional proteins that may potentially
reorganize centromeric chromatin to increase stability. These factors include the
Rho GTPase MgcRacGAP, the formin protein mDia, and the RSF-1 remodeling
complex, and appear to be recruited to centromeres later than Mis18 and HJURP
(Fig. 1) (Izuta et al. 2006; Lagana et al. 2010; Liu and Mao 2016; Obuse et al.
2004; Perpelescu et al. 2009).

MgcRacGAP co-purifies with centromeric chromatin and with Mis18BP1 from
HeLa cells (Izuta et al. 2006; Lagana et al. 2010; Perpelescu et al. 2009).
MgcRacGAP localizes to centromeres in late G1. Although the exact timing
between MgcRacGAP recruitment and HJURP recruitment has not been estab-
lished, it appears that MgcRacGAP is recruited later, after new CENP-A incorpo-
ration is accomplished. Depletion of MgcRacGAP or its binding partner, ECT2
(guanine nucleotide exchange factor), results in loss of newly incorporated
CENP-A, while existing CENP-A is not affected. This suggests that new and old
CENP-A populations during G1 are in some way unique. Furthermore, Cdc42, a
small GTPase identified as a target of MgcRacGAP-ECT2 complex, is also
recruited to the centromeres during interphase. The Cdc42 activity requires GTPase
cycling mediated by MgcRacGAP-ECT2, proposing a GTPase switch implicated in
the maturation of the newly deposited CENP-A containing nucleosomes (Lagana
et al. 2010). mDia2 is a downstream effector of Rho signaling (Gasman et al. 2003;
Lammers et al. 2008). mDia2 depletion leads to defects in new CENP-A deposition.
The constitutively active form of mDia2 restores CENP-A levels at the centromere
resulting from MgcRacGAP downregulation, consistent with its role downstream of
MgcRacGAP in this process. Interestingly, mDia2 depletion leads to prolonged
HJURP association with the centromere, suggesting that the processes of HJURP
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recruitment and MgcRacGAP stabilization are mechanistically linked (Liu and Mao
2016).

The RSF (remodeling and spacing factor), comprised the RSF-1 and SNF2h
subunits, has been characterized as an ATP-dependent nucleosome remodeling and
spacing factor that together with the FACT complex is implicated in transcription
initiation (LeRoy et al. 1998; Orphanides et al. 1998). The RSF complex co-purified
with CENP-A nucleosomes prepared from interphase cell extracts (Izuta et al. 2006;
Obuse et al. 2004; Perpelescu et al. 2009). RSF centromere localization peaks
during the middle of G1 phase. RSF1 can reconstitute and space CENP-A nucle-
osomes on a naked DNA template, and is required for stability of CENP-A
nucleosomes within the centromeric chromatin (Perpelescu et al. 2009). This argues
that energy-dependent remodeling events are involved in stabilization of newly
deposited CENP-A nucleosomes.

Condensation of centromeric chromatin is a potentially important step in effi-
cient CENP-A deposition. The condensin complexes are involved in
ATP-dependent chromosome condensation during mitosis, and are also implicated
in centromere establishment in yeast and humans (Hagstrom et al. 2002; Ono et al.
2004; Samoshkin et al. 2009; Wignall et al. 2003; Yong-Gonzalez et al. 2007). Of
the two partially overlapping condensin complexes that have been characterized
(Condensin I and II) the Condensin II complex is selectivity involved in cen-
tromeric chromatin assembly (Barnhart-Dailey et al. 2016; Bernad et al. 2011;
Hirano 2005). Downregulation of common components to the Condensin com-
plexes (SMC2 and SMC4) or the Condensin-II-specific subunits (CapH2 and
CapD3) leads to reduced assembly of new CENP-A nucleosomes in humans and
Xenopus extracts (Barnhart-Dailey et al. 2016; Bernad et al. 2011; Samoshkin et al.
2009). CAPH2 was found at human centromeres in early G1, coincident with new
CENP-A deposition, and its recruitment is HJURP dependent (Fig. 1)
(Barnhart-Dailey et al. 2016).

In chicken cells FACT subunits: SSRP1 and SPT16 co-purified with CENP-A
and localize to the centromeric chromatin. FACT interacts with ATP-dependent
chromatin remodeling factor CHD1, and the centromeric recruitment of these
proteins throughout the cell cycle is dependent upon the CENP-HIKM complex.
The downregulation of FACT or CHD1 factors leads to loss of new CENP-A
deposition, demonstrating that chromatin remodeling activity of the FACT and
CHD1 complexes plays a critical role in CENP-A deposition (Okada et al. 2009).
It remains elusive whether the FACT and CHD1 complexes require active tran-
scription in order to fulfill their role in CENP-A incorporation.

8 HJURP, CENP-A, and Cancer

Coordinated up-regulated expression of CENP-A and HJURP mRNA is observed
in many cancers, including breast cancer, adenocarcinoma of the colon, gliomas
and lipomas, and is a potentially powerful biomarker in several distinct types of
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cancers (Athwal et al. 2015; Dai et al. 2012; de Tayrac et al. 2011; Hu et al. 2010;
Tomonaga et al. 2003; Valente et al. 2013; Wang et al. 2009). Misregulation of
CENP-A deposition is a potential mechanism of generating genome instability, as
even the missegregation of a single chromosome is sufficient to cause the rear-
rangement of that chromosome in a process called chromothripsis (Stephens et al.
2011; Zhang et al. 2015). This co-overexpression may be driven by the dysregu-
lation of the transcription factor FoxM1 (Thiru et al. 2014); however, phenotypic
consequences of CENP-A overexpression are beginning to emerge. Elevated
CENP-A levels in human cells and other organisms result in mistargeting of
CENP-A to ectopic sites and can lead to genomic instability (Choi et al. 2011,
2012; Gascoigne et al. 2011; Heun et al. 2006; Mendiburo et al. 2011; Mishra et al.
2011; Van Hooser et al. 2001). Overexpressed CENP-A can form a heterotypic
nucleosome containing one copy of CENP-A and one copy of H3.3. The accu-
mulation of CENP-A in the chromosome arms occurs by co-opting the H3.3
chaperone DAXX to mediate its mislocalization (Lacoste et al. 2014).

In budding yeast, the misregualtion of CENP-ACse4 proteolysis results in
accumulation of CENP-ACse4 in gene promotors and causes altered gene expression
(Hildebrand and Biggins 2016). Accumulation of CENP-A overexpressed in human
cells has been observed in CTCF sites, DNAseI hypersensitive sites, and regions of
nucleosome turnover, as well as at some key oncognene promoters (Athwal et al.
2015; Lacoste et al. 2014). The question remains whether the overexpression of
CENP-A will drive genomic instability in tumors, and if so whether the presence of
CENP-A at the ectopic sites alters the transcriptional profile of underlying genes,
changes 3D chromatin arrangement due to disruption of CTCF sites, or weakens of
endogenous centromere by the redistribution of centromere components is the key
event.

9 Conclusions

Centromere specification is essential to ensure genome stability, as defects in
centromere establishment can lead to errors in chromosome segregation during
mitosis. Because centromeres of many higher eukaryotes are specified epigeneti-
cally by the presence of a unique nucleosome containing the histone variant
CENP-A, the key step in centromere inheritance is the assembly of new CENP-A
nucleosomes. Diverse organisms with unique strategies for centromere inheritance
utilize the recruitment of a CENP-A-specific chaperone to ensure the perpetuation
of centromere identity. In humans, the centromere deposition machinery is coupled
to centromeric proteins that depend on CENP-A for their localization, thus creating
an epigenetic mechanism for inheritance of the centromeric locus.
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Artificial Chromosomes and Strategies
to Initiate Epigenetic Centromere
Establishment

Evelyne J. Barrey and Patrick Heun

Abstract In recent years, various synthetic approaches have been developed to
address the question of what directs centromere establishment and maintenance. In
this chapter, we will discuss how approaches aimed at constructing synthetic
centromeres have co-evolved with and contributed to shape the theory describing
the determinants of centromere identity. We will first review lessons learned from
artificial chromosomes created from “naked” centromeric sequences to investigate
the role of the underlying DNA for centromere formation. We will then discuss how
several studies, which applied removal of endogenous centromeres or
over-expression of the centromere-specific histone CENP-A, helped to investigate
the contribution of chromatin context to centromere establishment. Finally, we will
examine various biosynthetic approaches taking advantage of targeting specific
proteins to ectopic sites in the genome to dissect the role of many
centromere-associated proteins and chromatin modifiers for centromere inheritance
and function. Together, these studies showed that chromatin context matters, par-
ticularly proximity to heterochromatin or repetitive DNA sequences. Moreover,
despite the important contribution of centromeric DNA, the centromere-specific
histone H3-variant CENP-A emerges as a key epigenetic mark to establish and
maintain functional centromeres on artificial chromosomes or at ectopic sites of the
genome.

1 Introduction

A fundamental task during cell division is to segregate the sister chromosomes
faithfully to two daughter cells. This is mediated by a highly specialized region of
the chromosome called the centromere, which needs to fulfill two critical functions:
first, building a kinetochore, a large multi-protein complex that serves to attach the
chromosomes to spindle microtubules in mitosis or meiosis; and second, ensuring
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that its identity is passed down through generations. Failure to do so correctly gives
rise to cells with an abnormal chromosome number or rearranged chromosomes,
which can promote tumor formation, miscarriage, reduced fertility and develop-
mental issues (Hassold and Hunt 2001; Weaver and Cleveland 2007).

Centromeres consist of a complex and dynamic network of components. This
includes the underlying DNA sequence and a specific type of centric chromatin that
in most eukaryotes contains the centromere-specific histone H3 variant CENP-A in
a subset of nucleosomes and a unique mix of histone modifications. The chromatin
is further bound by centromere factors that display either constitutive or cell
cycle-dependent binding. Recent findings add to the complexity by providing
evidence that maintenance and proper function of centromeres also depends on
general processes like transcription, chromatin remodeling, and DNA replication.

Although a complete picture of the mechanisms how these various components
determine and propagate centromere identity throughout cell division is still
missing, considerable progress has been made in the last decades, in large part
thanks to biosynthetic approaches. To tease apart the role of all the different players
and reduce complexity, many groups have employed a bottom-up approach, con-
sisting in artificially building a new centromere from a selected number of factors,
namely defined DNA sequences and centromere-associated proteins. How
approaches aimed at constructing synthetic centromeres have co-evolved with and
contributed to shape the theory that centromeres in most eukaryotes are not
genetically but rather epigenetically defined is the focus of this review.

We start by discussing how the first neocentromeres were created using “naked”
centromeric sequences to investigate the role of the underlying DNA in centromere
identity. We then review studies that aimed to understand the contribution of
chromatin context to centromere establishment by supporting the formation of
neocentromeres onto existing chromosomes in an unbiased way. This was achieved
either by induced deletion of an endogenous centromere or by over-expression of
CENP-A. Finally, we examine various biosynthetic approaches taking advantage of
targeting specific proteins to ectopic sites in the genome. This helped dissecting the
role of many centromere factors and chromatin modifiers for centromere inheritance
and function, with the CENP-A nucleosome emerging as a key centromere mark.

2 Artificial Chromosomes Engineered from Naked
Centromeric DNA

The first artificial chromosomes carrying a functional centromere were generated in
budding yeast by introducing a centromeric DNA element into a circular vector
containing a replication origin (Clarke and Carbon 1980). Subsequently, the first
linear minichromosome comprised centromeric DNA, a selectable marker and the
Autonomous Replicating Sequence (ARS), to which rDNA repeats containing
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telomere structures were added (Murray and Szostak 1983). These yeast artificial
chromosomes (YACs) were faithfully segregated, and therefore maintained stably
through cell divisions. Inducing long-term centromere establishment on artificial
chromosomes was first achieved in budding yeast as, in this model system, cen-
tromeres are encoded by a short DNA sequence of 125 bp comprising three ele-
ments, termed the conserved DNA elements (CDE I, II and III). The budding yeast
point centromere is therefore genetically defined unlike the regional centromeres
found in most eukaryotes, including fission yeast, flies and humans, as will be
discussed further below.

Fission yeast centromeres are composed of a unique central core sequence
surrounded by repetitive sequences, which assemble heterochromatin marked by
histone H3 dimethylated on Lysine 9 (H3K9me2). To successfully build a func-
tional centromere on transformed naked DNA, both the central core domain and the
outer repeats are required (Hahnenberger et al. 1989). It was later found that
heterochromatin integrity is essential for establishment of fission yeast centromeres
but dispensable for their maintenance. Once the minichromosomes had assembled
CENP-Acnp1 on the central core domain, they could be propagated in absence of
flanking heterochromatin (Folco et al. 2008). It was also hypothesized that peri-
centric heterochromatin may play a role in ensuring robust cohesion between sister
chromatids (Bernard et al. 2001; Nonaka et al. 2002).

Human centromeres have an analogous structure to fission yeast centromeres
composed of centromeric chromatin flanked by pericentromeric heterochromatin,
but are in general larger and can cover up to five megabases. The core centromere
contains an array of higher order repeats of 171 bp a-satellite monomer. Higher
order a-satellite DNA sequences from different chromosomes differ slightly, but all
chromosomes, apart from the Y-chromosome, contain a 17 bp motif termed
CENP-B box, which is specifically recognized and bound by the centromeric
protein CENP-B. In contrast, so-called monomeric a-satellite DNA that is found in
the pericentromeric region varies greatly in sequence and lack higher order orga-
nization (Schueler and Sullivan 2006).

The first generation of Human Artificial Chromosomes (HACs) resulted from
cloning an extended array of higher order alphoid DNA containing CENP-B boxes
from chromosome 17 into a BAC vector and co-transfecting this BAC into the
HT1080 fibrosarcoma cell line together with telomeric sequences and genomic
DNA (Harrington et al. 1997). The generated HACs were multimers of several
megabases, bound centromere proteins specific for active centromeres and proved
to be mitotically stable for up to 6 months in the absence of selection. A second
type of HACs was built by introducing monomeric or higher order alphoid DNA
from chromosome 21 and a selectable marker into a YAC vector in a
recombination-deficient yeast strain. After purification of the modified YAC from
yeast cells and transfection into HT1080 cells, multimerization of the introduced
DNA led to formation of megabase-sized HACs that were capable of binding
CENP-A, CENP-B, CENP-C, and CENP-E without acquiring host DNA. Once
again these HACs were stably maintained even in the absence of selection (Ikeno
et al. 1998; Masumoto et al. 1998). Importantly, HAC formation was successful
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only with higher order-DNA-containing YACs but never with the YAC vectors
containing monomeric alphoid DNA, suggesting that CENP-B boxes are required
for efficient centromere establishment. To further investigate the role of CENP-B
boxes in HAC formation, another generation of minichromosomes was developed
by mutating the CENP-B boxes comprised in the higher order alphoid array of
chromosome 21, so that CENP-B binding is lost. These mutated arrays were
introduced into HT1080 cells and assessed for HAC formation. It was concluded
that centromere formation can only occur on a-satellite DNA containing functional
CENP-B boxes. However, synthetic non-alphoid arrays of DNA containing the
CENP-B box were not able to form HACs, suggesting that also other features of
higher order alphoid DNA are crucial for centromere establishment (Ohzeki et al.
2002). A separate approach using small synthetic chromosome 17-derived alphoid
arrays (16 monomers) with varying CENP-B box density in HT1080 cells con-
firmed that the CENP-B box is necessary for de novo centromere formation on the
input DNA. In agreement with this, increasing the density of CENP-B boxes on
alphoid DNA enhances the efficiency of HAC formation (Basu et al. 2005), while
decreasing CENP-B boxes density impaired the recruitment of CENP-A and neg-
atively impacted the efficiency of HAC formation.

As large genomic tandem repeat DNA sequences, such as a-satellites, are not
entirely uniform and therefore difficult to investigate, the need to build large
well-defined synthetic alphoid DNA arrays became obvious. This technical chal-
lenge was solved by Larionov and colleagues (Ebersole et al. 2005), who combined
rolling circle amplification (RCA) of short defined DNA multimers followed by
assembly of the fragment using in vivo homologous recombination in yeast to
construct a circular alphoid DNA array of a defined structure of up to 120 kb
(Ebersole et al. 2005). This allowed to compare alphoid DNA arrays of various
lengths containing wild-type or mutated CENP-B boxes for their ability to promote
HAC formation. It was shown that at least 30 kb of alphoid DNA are required to
stably maintain CENP-A chromatin and support HAC formation, while fragments
larger than 70 kb were surprisingly much less efficient to do so (Okamoto et al.
2007). Constructs engineered with mutant CENP-B boxes did not form a functional
centromere, in agreement with findings described above.

The observation that CENP-B boxes are a requirement for functional centromere
establishment came as a surprise because the CENP-B gene had been found to be
non-essential in mice (Hudson et al. 1998; Perez-Castro et al. 1998; Kapoor et al.
1998). Thus, it was suggested that CENP-B might play a role in establishment rather
than in maintenance of centromeres or that its function might be redundant. To
further test the involvement of CENP-B in centromere formation, BAC constructs
comprising wild-type or CENP-B box-mutated alphoid DNA were transfected into
mouse embryonic fibroblasts in the presence or absence of the CENP-B protein and
HAC formation was assessed. De novo centromere formation was dependent on
both intact CENP-B boxes and expression of the CENP-B protein. When the
introduced alphoid DNA did not successfully yield a HAC, an alternative fate was its
integration into the genome. In this scenario, CENP-A assembly did not occur and
CENP-B was found to induce heterochromatin formation at the chromosomally
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integrated alphoid array. This suggested that CENP-B exerts a dual antagonistic
function promoting centromere formation on DNA that lacks an active centromere,
but preventing extra-centromere formation on chromosomes carrying an active
centromere (Okada et al. 2007). To date, this is the only DNA sequence-specific
binding factor known to influence centromere formation outside of budding yeast.
(For additional related information on CENP-B, please refer to the chapter “DNA
Sequences in Centromere Formation and Function” by Dumont and Fachinetti.)

It therefore appeared that native centromeric DNA could be sufficient for cen-
tromere formation in experimental conditions in yeast and human cells. However,
the study of dicentric chromosomes suggests otherwise. Dicentric chromosomes,
which result from chromosome fusions or translocations, contain two regions of
centromeric sequences (Stimpson et al. 2012). Two different fates have been
reported for these dicentric chromosomes, depending on the model system.
Typically both centromeric DNA regions are functional, which makes the dicentric
chromosome unstable and causes it to break down into two fragments (Hill and
Bloom 1989). However, it was observed in flies, plants and mammals that one of
the centromere regions can get “inactivated”, leaving only one “active” centromere
sequence that assembles kinetochores and attaches to microtubules (Earnshaw and
Migeon 1985; Sullivan and Schwartz 1995; Agudo et al. 2000; Han et al. 2006).
The natural occurrence of these “pseudo-dicentric” chromosomes thus showed that
centromeric DNA alone is not sufficient for centromere establishment. Moreover,
the clinical discovery of fully functional “neocentromeres” that can arise stochas-
tically within the human genome on non-centromeric DNA argues against a specific
primary sequence to be essential for centromere formation (Marshall et al. 2008). It
was therefore proposed that centromere specification can be dictated by epigenetic
mechanisms (Karpen and Allshire 1997). To investigate epigenetic inheritance of
centromeres, several groups have focused on artificially inducing neocentromeres at
sites devoid of any native centromeric DNA component.

3 Unbiased Induction of Artificial Neocentromeres

To investigate early events leading to neocentromere formation, centromere dis-
ruption assays have been used to drive neocentromere formation in many different
model systems (Fig. 1). This was first accomplished in Drosophila that stably
maintained an X-chromosome-derived minichromosome (Fig. 1a). Two similar
minichromosomes that differ in centromere position were subjected to irradiation
mutagenesis for fragmentation. This released a piece of the minichromosome with
identical sequence that only built a neocentromere and was stably maintained when
the fragment was formerly juxtaposed to the centromere of the source minichro-
mosome. This finding supported the hypothesis that centromere identity can spread
and is regulated epigenetically (Maggert and Karpen 2001).

In Schizosaccharomyces pombe, conditional deletion of an endogenous cen-
tromere was achieved by inserting LoxP sites flanking the endogenous centromere
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depicted as white triangles. rDNA repeats are represented as an orange mark
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on chromosome 1 (Fig. 1a). Induction of Cre-recombinase resulted in an acentric
chromosome and produced rare survivors in which the acentric fragment had either
fused to one of the other chromosomes or acquired a neocentromere. Interestingly,
neocentromere formation occurred preferentially near telomeres and was signifi-
cantly reduced, although not abolished, in a heterochromatin-deficient strain. This
suggested that chromatin context, such as neighboring heterochromatin found at
telomeres, may play a role in centromere formation in this model system (Ishii et al.
2008). The preference for proximity to heterochromatin has also been found for
Drosophila neocentromeres, as will be discussed further below. In C. albicans,
replacement of centromere 5 (cen5) with a URA3 gene cassette led to very highly
efficient assembly of fully functional neocentromeres of two classes (Fig. 1a). The
first class of neocentromeres was directly adjacent to cen5. The second class of
neocentromeres appeared 200–450 kb distant from the original cen5, on either side
of chromosomal arms (Ketel et al. 2009). Although C. albicans lacks heterochro-
matin components, the neocentromeres characterized in this study revealed inter-
esting properties shared with larger regional centromeres found in other organisms.
In particular, neocentromeres tended to form within non-transcribed regions flanked
by repetitive sequences, and neocentromeres which moved within a transcribed
gene caused silencing of this gene.

To better understand how neocentromeres can form in vertebrates, Fukagawa
and colleagues adapted the Cre/Lox-mediated recombination strategy described in
S. pombe to the chicken DT40 cells chromosome Z and 5 (Shang et al. 2013)
(Fig. 1a). This was possible as these chromosomes carry a relatively short cen-
tromere, which, unlike most eukaryote centromeres, is assembled onto
non-repetitive DNA, allowing insertions of flanking LoxP sites and selection
markers. Cre-mediated removal of a 127 kb fragment including the endogenous
centromere allowed to isolate clones that retained the Z chromosome despite the
loss of its centromere. This protocol yielded 136 colonies, of which 126 acquired a
neocentromere, while the remaining clones survived by chromosome fusion events.
Importantly, the newly formed centromeres were functionally similar to endoge-
nous centromeres in DT40 cells. ChIP-sequencing analysis on 18 neocentromere
cell lines revealed that there is no DNA sequence preference on which neocen-
tromeres assemble. The CENP-A-associated regions of all neocentromeres were
similar in size to that of the endogenous Z centromere (*30 kb), suggesting a
mechanism that maintains centromere size constant. Unlike most endogenous
centromeres, however, the isolated neocentromeres were not characterized by the
presence of flanking heterochromatin, in contrast to what was found in other
organisms. Interestingly, it was also observed that neocentromeres could arise at
actively transcribed genes, yet establishment of centromeric chromatin was found to
be incompatible with housekeeping levels of transcription. Strikingly, for cen-
tromere Z and centromere 5 deletions, 76 and 97% of isolated neocentromeres had
formed, respectively, at regions adjacent to the original position of the endogenous
centromere, again in agreement with findings in Drosophila and C. albicans. It was
thus proposed that low but significant levels of CENP-A detected in the vicinity of

Artificial Chromosomes and Strategies … 199



endogenous centromeres may nucleate neocentromere formation when the cen-
tromere core is removed.

Another approach to induce ectopic formation of neocentromeres has been to
over-express the centromere-specific histone H3 variant CENP-A, as this histone is
considered to be high in the hierarchy of centromeric proteins (Blower and Karpen
2001) (Fig. 1b). When CENP-Acnp1 is moderately over-expressed in fission yeast, it
accumulates at pericentric heterochromatin, rDNA repeats and telomeric regions. At
telomeric repeats, the Ccq1 protein was shown to play a crucial role by recruiting
the methyltransferase Clr4 which leads to formation of heterochromatin that pro-
motes the incorporation of CENP-A cnp1. However, heterochromatin was not
absolutely required for CENP-A cnp1 deposition in these regions, as subtelomeric
chromatin still assembled CENP-A cnp1 in heterochromatin-deficient mutants.
CENP-A cnp1 also recruited the kinetochore protein CENP-C, suggesting that
functional centromeres can be formed at these ectopic sites. (Castillo et al. 2013). In
Drosophila S2 cells and flies, over-expressing CENP-ACID also led to establish-
ment of functional ectopic centromeres, which attracted key centromere and kine-
tochore proteins and were sites of microtubule attachments (Fig. 1b). This caused
multicentric chromosomes, and consequently chromosome missegregation, cell
growth defects and developmental abnormalities. Interestingly, however, not all
sites of ectopic CENP-ACID incorporation gave rise to ectopic centromeres, sug-
gesting that additional features of chromatin favor or restrict neocentromere for-
mation (Heun et al. 2006). Indeed, it was later shown that similar to fission yeast,
ectopic incorporation of CENP-ACID in Drosophila S2 cells occurred primarily in
the proximity of telomeres and near pericentric heterochromatin. More specifically,
it appeared that transcriptionally silent regions at heterochromatin–euchromatin
boundaries behaved as hotspots for CENP-ACID ectopic deposition. These ectopic
sites assembled functional kinetochores and bound microtubules, leading to mitotic
defects (Olszak et al. 2011). This reoccurring preference for a neocentromere to
form within silent domains adjacent to heterochromatin or repetitive DNA observed
in S. pombe, C. albicans, and Drosophila is currently not understood. It is possible
that subtelomeric heterochromatin mimics the environment of endogenous cen-
tromeres in these systems. Moreover, low nucleosome turnover near heterochro-
matin may help to achieve a critical local concentration of CENP-A needed to seed
a neocentromere. Heterochromatin or repetitive DNA may also act as a boundary to
prevent invasion of chromatin marks that might antagonize CENP-A deposition.

In contrast, over-expression of CENP-A in human tissue culture cells did not
prove to be sufficient for ectopic centromere formation (Fig. 1b), although a subset
of kinetochore proteins including CENP-C and CENP-N were recruited to
non-centromeric CENP-A foci (Van Hooser et al. 2001; Gascoigne et al. 2011).
Human centromeres are more complex than Drosophila centromeres as they con-
tain a 16-subunit Constitutive-Centromere-Associated-Network (CCAN, composed
of CENP-C/LN/HIKM/PORQU/SXTW), present at the centromere throughout the
cell cycle as compared to one conserved member in Drosophila (CENP-C).
Therefore, additional factors in humans may enable the distinction between cor-
rectly localized and mislocalized CENP-A, to avoid complete kinetochore

200 E.J. Barrey and P. Heun



formation and microtubule recognition at mistargeted CENP-A loci. This could also
be achieved by post-translational modifications carried by CENP-A or other cen-
tromere factors. Interestingly, it was shown recently that CENP-A gets ubiqui-
tinylated on Lysine 124 and it was proposed that ubiquitinylated CENP-A is the
actual epigenetic mark for centromeres as over-expression of ubiquitin-fused
CENP-A K124R mutants promotes neocentromere formation at ectopic sites in
human cells (Niikura et al. 2016). However, the view that CENP-A K124ub is
essential for centromere establishment and maintenance has recently been chal-
lenged by a combination of gene replacement experiments and ectopic centromere
formation assays, which demonstrated that lack of this modification does not affect
neither assembly of CENP-A into centromeres nor its ability to nucleate long-term
centromere function (Fachinetti et al. 2017).

4 Targeting of Centromere Factors at a Defined
Non-centromeric Locus

To overcome unwanted side effects of protein over-expression and potentially
titrating less-abundant factors, more controllable tethering techniques were adapted
to target centromere proteins of interest to specific ectopic loci using the Lactose
repressor (LacI) and Lactose operator (LacO) in various organisms. Originally
developed by the Belmont lab to visualize chromosome regions in vivo, these
highly efficient systems exploit the strong affinity of the bacterial LacI for its
corresponding recognition sequence LacO (Robinett et al. 1996). Insertion of large
arrays of operators at an ectopic locus and expression of their respective
DNA-binding protein fused to centromere proteins of interest enabled to test the
contribution of specific centromere factors in the establishment and maintenance of
centromeric chromatin (Fig. 2). This type of strategy presents an important com-
plement to loss-of-function studies as most of these proteins are essential, making it
difficult to dissect their role in detail without causing immediate stress or death to
the cell.

To address the question of whether CENP-A is sufficient to nucleate centromere
formation, a LacI-fused CENP-ACID was tethered to an array of integrated LacO on
the arm of chromosome 3 or on a plasmid in Drosophila S2 cells (Fig. 2a). The
CENP-ACID-tethered ectopic LacO site efficiently recruited inner and outer kine-
tochore proteins and attracted spindle microtubules, therefore producing chromo-
some fragmentation and mitotic defects. Endogenous CENP-ACID molecules were
assembled at the LacO array following CENP-ACID-LacI targeting, providing
evidence that CENP-A serves as a template for its self-propagation. Importantly, a
pulse of targeting was sufficient to trigger long-term maintenance of a LacO
plasmid, which showed that CENP-A is not only necessary, but also sufficient to
initiate centromere establishment and maintenance throughout multiple generations
(Mendiburo et al. 2011). In human cells, targeting the CENP-A chaperone HJURP
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was tested using a similar strategy. Binding of a LacI-HJURP fusion to the LacO
array in U2OS cells was sufficient to drive CENP-A deposition at this site (Fig. 2c).
Using IPTG to disrupt the LacI interaction with the LacO array, a significant subset
of CENP-A was found to be retained at the array, suggesting that CENP-A is not
solely bound to HJURP in a prenucleosomal form, but that it can also stably
incorporate into chromatin. Furthermore, HJURP-deposited CENP-A was able to
recruit the CENP-C, CENP-N, CENP-M, and CENP-T inner kinetochore proteins
and the outer kinetochore protein Ndc80 at the LacO array. Another piece of
evidence that LacI-HJURP targeting gave rise to a functional ectopic centromere at
the LacO array came from the observation that the array exhibited a constriction
similar to that of endogenous centromeres on mitotic chromosomes, that micro-
tubule ends attach to the LacO array, and that the LacO array containing chro-
mosome is often lagging in anaphase (Barnhart et al. 2011). Together with in vitro
reconstitutions using a heterologous system based on Xenopus-egg extracts (Guse
et al. 2011), the two tethering studies came to the conclusion that CENP-A is a key
epigenetic mark sufficient to define centromere identity.

Further efforts were made to study the contribution of other centromere proteins
in the establishment of centromeres. In particular, the role of a subset of the 16
CCAN members was tested using ectopic targeting approaches. By replacing the
DNA-binding domain of the inner kinetochore proteins CENP-C and CENP-T with
LacI and targeting each construct to a LacO array stably integrated on the arm of
chromosome 1 in U2OS cells, fully functional ectopic kinetochores capable of
recruiting outer kinetochore, spindle assembly checkpoint proteins, and micro-
tubules were generated in a CENP-A-independent manner (Gascoigne et al. 2011)
(Fig. 2c).

To investigate CENP-A inheritance in more detail, synthetic neocentromeres
were successfully produced in chicken DT40 cells (Fig. 2b). This was accom-
plished by tethering LacI-fused to HJURP, CENP-I, CENP-T and either full-length,
N-terminal or C-terminal fragments of CENP-C to a LacO array, following removal
of the endogenous centromere. Upon targeting, all of the constructs induced
functional ectopic kinetochores, but only a subset, namely HJURP, full-length
CENP-C, CENP-C C-terminus and CENP-I led to recruitment of CENP-A itself to
the LacO site. The resulting artificial centromeres were stably inherited even after
removal of the LacI fusions, providing evidence that the CCAN plays a crucial role
in the epigenetic propagation of centromeres (Hori et al. 2013).

JFig. 2 Targeting of centromere factors to a defined non-centromeric locus (LacO). Different
approaches are shown for Drosophila S2 cells (a), chicken DT40 cells (b), and human U2OS cells
(c) to induce and dissect early steps of ectopic kinetochore and neocentromere formation. The
LacO array is represented as a gray mark on the chromosome arm. Active centromeres are marked
by CENP-A, depicted as a red circle. Orange and yellow arches correspond to CCAN and KMN
proteins, respectively. Microtubules are parallel black lines. The red arrow in (a) and (b) represents
epigenetic propagation of the CENP-A mark. In (b), LoxP sites are depicted as white triangles and
the purple mark denotes repetitive DNA (non-tandem repeats) at Chromosome Z centromere. The
green arch in (c) depicts Mis18 proteins
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More recently, the LacI/LacO tethering system was used in combination with
pulldown assays to dissect interactions involving the Mis18 complex (Fig. 2c). The
Mis18 complex is a highly conserved family of proteins, consisting in humans of
Mis18a, Mis18b, and the Mis18 binding protein 1 (M18BP1), which are thought to
act as a licensing factor to prime centromeric chromatin prior to CENP-A depo-
sition and to recruit the CENP-A-specific chaperone HJURP (Hayashi et al. 2004;
Fujita et al. 2007). Wild-type Mis18a, but not wild-type Mis18b, targeted to the
LacO array of U2OS cells was sufficient to recruit M18BP1, which suggested that
only Mis18a interacts with M18BP1. Moreover, a CENP-C fragment fused to LacI
was found to direct the recruitment of Mis18b (Stellfox et al. 2016). Interestingly,
this interaction, like the interaction between CENP-C and M18BP1, seemed to
occur preferentially in cells that are in the G1 phase of the cell cycle (Stellfox et al.
2016). Considering that the Mis18 complex association with centromeres is the first
known step in CENP-A deposition, it seems crucial that multiple redundant con-
tacts are made to stabilize its localization and this was the first line of evidence for
this assumption.

Focusing on specific regions of CENP-A essential to direct the first steps of
centromere establishment via recruitment of CCAN proteins and CENP-A assembly
factors, human CENP-A or various H3/CENP-A chimeras were directly targeted in
U2OS LacO cells (Logsdon et al. 2015; Tachiwana et al. 2015) (Fig. 2c).
A transient LacI-CENP-A tethering of 48 h was sufficient to recruit CENP-C and
HJURP but not endogenous CENP-A to the array. Using a series of H3/CENP-A
chimeras, it was concluded that CENP-C recruitment requires both the CENP-A
carboxy-terminus as well as the CENP-A targeting domain (CATD). The CATD is
known as the minimal domain required to direct CENP-A to centromeres, via an
interaction with its chaperone HJURP (Black et al. 2007; Foltz et al. 2009). This
extended previous findings that the C-terminal tail of CENP-A is sufficient to bind
CENP-C (Guse et al. 2011) and that CENP-C can be maintained at endogenous
centromeres only via the C-terminal tail of CENP-A (Fachinetti et al. 2013). The
requirements for CENP-C recruitment therefore seem to be different at a de novo
centromere compared to an already established centromere. Interestingly, an H3
chimera containing the CATD of CENP-A is unable to recruit CENP-C but can
recruit CENP-N, suggesting that the CATD functions in CENP-C recruitment
independently of CENP-N. Importantly, CENP-T was found to be recruited to the
array upon CENP-A targeting, which also required CENP-C, CENP-N, and a
portion of the N-terminal tail of CENP-A (Logsdon et al. 2015). The latter, how-
ever, was not found to be required in a similar study using a different U2OS LacO
cell line (Tachiwana et al. 2015). In addition, because CENP-C recruitment to
CENP-A is dependent on HJURP and because HJURP targeting can recruit a
C-terminal CENP-C fragment to the array, it was proposed that HJURP may be
involved in CENP-C loading (Tachiwana et al. 2015).

In Drosophila S2 cells, targeting of CAL1 to the stably integrated LacO repeats
was sufficient to induce inheritable deposition of CENP-ACID and formation of a
functional kinetochore at the ectopic site, which led to the proposal that CAL1, is
the functional homolog of HJURP in flies (Chen et al. 2014) (Fig. 2a). An
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additional study using the same experimental setup revealed a link to transcription
and the histone chaperone FACT, which allows RNA-polymerase-II-mediated
transcription through nucleosome destabilization. Transcription is in turn thought to
be critical for eviction of H3.1 and H3.3 placeholders prior to CENP-A deposition
(Chen et al. 2015).

Collectively, this set of data showed that artificially targeting key centromere
proteins such as CENP-A itself, its assembly factors, and specific CCAN proteins to
a non-centromeric site is sufficient to cause this site to be epigenetically marked as a
centromere. The following section focuses on recent work aimed at investigating
the coordinated functions of both DNA and centromeric or general chromatin
factors in centromere establishment.

5 Combining Ectopic Targeting of Chromatin Factors
and Centromeric DNA Sequences

One important feature of centromeric chromatin is its unique set of histone modi-
fications. Histone modifications are associated with specific properties of chromatin
towards transcriptionally active, “open” euchromatin and mostly inactive, “silent”
heterochromatin. Pericentric heterochromatin is characterized by the repressive
methylation on lysine 9 of histone H3 marks H3K9me2, H3K9me3, histone H4
trimethylated at Lysine 20 (H4K20me3) and hypoacetylation. In contrast, euchro-
matin tends to contain the active mark H3K4me2 and is typically hyperacetylated.
Centromeric chromatin is distinct from the surrounding heterochromatin in that it
contains both CENP-A nucleosomes and H3 nucleosomes with euchromatic marks
(H3K4me2) combined with low amounts of H3K9me2/3. However, human and
Drosophila centromere chromatin lack acetylated histones, which is reminiscent of
heterochromatin (Blower et al. 2002; Sullivan and Karpen 2004). To study the
chromatin context and the histone marks of centromeric chromatin that are involved
in the process of centromere formation, another strategy, combining artificial
chromosomes and the tethering technology, was developed. By targeting key
chromatin factors onto synthetic centromeric DNA, the characteristics of chromatin
that are essential for centromere establishment have been thoroughly investigated
(Fig. 3).

As discussed above, fission yeast minichromosomes were successfully generated
by transforming vectors containing both the central core domain, on which
CENP-A assembles, and the pericentric heterochromatin domain, enriched in
H3K9me2. Importantly, targeting the methyltransferase Clr4 next to the central core
domain on a minichromosome induces heterochromatin formation and bypasses the
need for outer repeat sequences. It was concluded that the main role of outer repeats
is to provide RNAi substrates to promote heterochromatin formation (Kagansky
et al. 2009).
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Fig. 3 Combining ectopic targeting of chromatin factors and centromeric DNA sequences.
Approach for targeting different chromatin modifiers to the engineered TetO-HAC in human cells
is shown. a Schematic representation of the experimental setup. The TetO-HAC was constructed
by rolling circle amplification followed by transformation associated recombination (TAR) cloning
of a fragment made up of two units: a 16-mer alphoid DNA comprising a CENP-B box (black
mark) derived from chromosome 17, next to synthetic alphoid DNA containing an array of Tet
operators (gray mark). Following amplification in E. coli, the construct was transfected into
HT1080 cells and yielded a HAC carrying a functional centromere. Underlying centromeric
chromatin was tested for TetO-HAC centromere maintenance and centromeric or chromatin
factor-TetR fusions (blue circle) were tethered to the TetO-HAC to assess its mitotic stability.
b Summary of the observed effects of tethering various factors to the TetO-HAC on its chromatin
state and on the functionality of its centromere
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In human cells, the chromatin context was also carefully investigated using a
special HAC designed as a 50 kb array of 2 subunits: a natural alphoid DNA
monomer from chromosome 17 containing a CENP-B box adjacent to a synthetic
alphoid DNA monomer containing a Tetracycline operator (TetO) in place of the
CENP-B box (Fig. 3). This second unit enables targeting of specific proteins fused
to the Tetracycline repressor (TetR) within the context of centromeric DNA. It was
first shown that this construct (referred to as TetO-HAC thereafter) segregates
correctly as an independent chromosome in HT1080 cells and that tethering
RFP-TetR or TetR-GFP fusions had no effect on the stability of the HAC (Nakano
et al. 2008). Meanwhile, this tool has been successfully used to tether a variety of
chromatin factors to modulate and study the role of chromatin context on cen-
tromeres (Fig. 3b). By tethering factors involved in transcriptional activation or
repression, it was shown that centromere establishment and centromere function are
generally favored by low levels of transcription while repressive heterochromatin
hinders centromere formation and kinetochore assembly. Indeed, tethering the tTS
transcription silencer to the TetO-HAC caused elevated levels of H3K9me3, loss of
CENP-A, CENP-B, and CENP-C and missegregation of the TetO-HAC (Nakano
et al. 2008). A similar disruption of the TetO-HAC stability was observed when
tethering the transcriptional corepressor KAP1 (Cardinale et al. 2009). Conversely,
targeting the transcription factor NFjB subunit p65 to the TetO-HAC resulted in
low levels of transcription marked by H3K9ac and did not interfere with kineto-
chore formation. Remarkably, targeting the herpes viral trans-inducing factor VP16
led to higher levels of transcription and increased levels of H3K9ac were accom-
panied by a CENP-A loading defect and impaired kinetochore function (Bergmann
et al. 2012). The lysine-specific demethylase 1 (LSD1) efficiently removed
H3K4me2 from the TetO-HAC and led to reduced levels of transcription. Targeting
LSD1, Bergmann and colleagues found that CENP-A incorporation was lost due to
a decreased recruitment of its chaperone HJURP (Bergmann et al. 2011), con-
firming that an open chromatin state promotes centromere formation.
A complementary study comparing the effects of targeting the acetyltransferase
domains of p300 or PCAF versus the methyltransferase Suv39h1 revealed that
centromere formation is dependent on a tight balance between H3K9 acetylation
and methylation, whereby acetylation promotes centromere assembly in contrast to
methylation that blocks it. This finding also explained the long-standing question
why HT1080 cells are much more proficient than other commonly used cell lines
for centromere establishment on HACs. HeLa cells displayed higher levels of
H3K9me3 and robust heterochromatin but lower levels of H3K9ac at their
endogenous centromeres than HT1080 cells. Therefore, HeLa cells were more
refractory to HAC formation, which could be complemented by targeting the his-
tone acetyltransferases p300 of PCAF (Ohzeki et al. 2012). In contrast with the
view that centromere formation is negatively impacted by invasion of silent chro-
matin, a recent study showed that a TetO-HAC can resist low levels of H3K9me3
(deposited by Suv39h1) or low levels of H3K27me3 (deposited by EZH2).
Surprisingly, targeting the methyltransferase EZH2 to the TetO-HAC led to
deposition of H3K27me3 but did not significantly affect centromere function.
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However, direct tethering of the H3K27me3 reader PRC1 led to centromere inac-
tivation on the TetO-HAC. Analogous observations were made with targeting a
truncated fragment of the methyltransferase Suv39h1 versus the H3K9me2/3 reader
HP1. This previously unreported ability of synthetic centromeres to resist local
transcriptional silencing may help to explain how human centromeres maintain a
pseudo-euchromatic signature despite being surrounded by heterochromatin
(Martins et al. 2016).

The same construct was also used to screen for proteins involved in CENP-A
maintenance at the TetO-HAC, on one hand; and in de novo CENP-A establish-
ment at an ectopic site where the TetO-HAC was randomly integrated, on the other
hand (Fig. 3b) (Shono et al. 2015). Factors that induced both de novo centromere
establishment and maintenance include CENP-C, CENP-I, and outer kinetochore
proteins. Importantly this class of factors depended on CENP-C, which also
recruited M18BP1 of the Mis18 complex. The only exception seemed to be
CENP-I, which was still able to recruit M18BP1 to the integrated alphoid array
even in CENP-C-depleted cells. CENP-N, CENP-T, CENP-B, and MgcRacGAP
belonged to a class of factors, which were involved in CENP-A inheritance but not
in de novo CENP-A deposition. These are thought to act, not by directly recruiting,
but rather by enhancing the stability or activity of CENP-A assembly factors.
Histone acetyltransferases including the MYST family, proteins of the Mis18
complex, and histone chaperones involved in transcription, such as SSRP1 or
RSF1, were able to promote CENP-A deposition only when CENP-A was
over-expressed. It was proposed that these proteins function by changing the
chromatin state to allow histone exchange, possibly via transcription. Conversely,
most histone methyltransferases and deacetylases, like HDAC and SIRT proteins,
were found to decrease CENP-A levels at the integrated HAC, possibly through
heterochromatin formation and repression of histone turnover. This is in agreement
with previous findings indicating that centromeric chromatin assembly and hete-
rochromatin assembly antagonize each other.

5.1 Concluding Remarks

In recent years, many different synthetic approaches have been successfully
undertaken to address the question of how centromeric chromatin is established and
maintained. To induce centromere formation, transfecting naïve centromeric
sequences has proved to be sufficient in yeast as well as in human cells, albeit with
low efficiency. HAC formation assays showed that the CENP-B box embedded in
human alphoid DNA is necessary for centromere establishment on naïve input
DNA.

To investigate the mechanism of neocentromere formation, one approach has
been to remove the endogenous active centromere of a specific chromosome and
select for the cells who maintained this chromosome. Used in yeast and chicken
cells, this led to the generation of artificial neocentromeres, which formed
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non-stochastically on the chromosome. To address the same question, an alternative
strategy consisted in over-expressing the key centromere epigenetic mark CENP-A.
In fission yeast or flies, but not in human cells, this gave rise to functional neo-
centromeres at a limited number of preferred sites within the genome. In several
model systems, this occurs either in proximity to the former endogenous cen-
tromere, potentially mediated by CENP-A spreading, or next to heterochromatin or
repetitive DNA for currently unknown reasons. To dissect the molecular pathway
by which centromeres are formed and propagated, factors such as CENP-A, CCAN
proteins, or CENP-A assembly factors were artificially tethered to non-centromeric
sites and efficiently produced functional ectopic centromeres in several model
systems including Drosophila S2 cells, chicken cells, and human cells. Taken
together, these approaches have significantly advanced our understanding of how
centromere identity is determined. They suggest that CENP-A lies high in the
hierarchy of centromere-associated proteins and that CCAN proteins, and especially
CENP-C, play an important role both in kinetochore assembly and in the epigenetic
propagation of centromeres. As an outlook, the accumulated knowledge on path-
ways leading to centromere establishment could be exploited for the design of a
new generation of artificial chromosomes, which will be useful tools not only for
basic research but also for the development of delivery systems for applications
such as gene therapy or cell reprogramming.
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Post-translational Modifications
of Centromeric Chromatin

Ana García del Arco and Sylvia Erhardt

Abstract Regulation of chromatin structures is important for the control of DNA
processes such as gene expression, and misregulation of chromatin is implicated in
diverse diseases. Covalent post-translational modifications of histones are a
prominent way to regulate chromatin structure and different chromatin regions bear
their specific signature of histone modifications. The composition of centromeric
chromatin is significantly different from other chromatin structures and mainly
defined by the presence of the histone H3-variant CENP-A. Here we summarize the
composition of centromeric chromatin and what we know about its differential
regulation by post-translational modifications.
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PTM Post-translational modifications
PcG Polycomb group
Plk Polo-like kinase
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S. pombe Schizosaccharomyces pombe
TrxG Trithorax group
Z. may Zea mays

1 Chromatin

In the nuclei of all eukaryotic cells, genomic DNA is highly folded, constrained,
and compacted by both histone and non-histone proteins in a dynamic polymer
called chromatin. Chromatin is organized in the dynamic structuring of nucleo-
somes, which represent the basic repeating unit of the chromatin fiber. Each
nucleosome is formed by 146–147 bp of chromosomal DNA tightly wrapped
around an octamer of proteins comprising two subunits each of the canonical
histones H3, H4, H2A, and H2B, or variants of these histones (Davey et al. 2002;
Luger et al. 1997).

Histones are small basic proteins consisting of a globular domain, called the
histone fold domain (HFD), and a more flexible and charged NH2-terminus (histone
tail). These flexible N-terminal tails of the four core histones undergo a range of
post-translational modifications (PTMs), including acetylation, methylation, phos-
phorylation, ubiquitination, sumoylation, ribosylation, and many others
(Hatakeyama et al. 2016). These covalent modifications reveal a “histone code” that
is involved in generating epigenetic information, the code that is ‘above’ (greek
‘epi’) the genetic code by influencing the state of chromatin structure and function
(Jenuwein and Allis 2001; Kouzarides 2007). The two most distinct chromatin
states are euchromatin, which is mainly found on chromosome arms and comprises
most of the protein-coding genes. In contrast, heterochromatin is more compact,
highly condensed, and most prominently found at telomeres and in vicinity to
centromeres (Grewal and Elgin 2007).

The transcriptional consequences of histone modifications are revealed either as
a result of the direct biophysical consequences of the modification, or through the
catalytic activities of proteins and complexes that recognize and bind these
specifically modified histones. For instance, acetylation, which reduces the net
positive charge on the nucleosome, results in decreased stability of the histone
associations with the negatively charged DNA, facilitating access of chromatin
associating factors and promoting, most prominently, transcription. Therefore,
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by balancing levels and activities of histone acetyltransferases (HATs) and
deacetylases (HDACs), which, respectively, add and remove acetyl groups from
histones (and other proteins), transcription can be activated or repressed (Bannister
and Kouzarides 2011). In contrast, the effects of histone methylation appear to be
transmitted more indirectly, as the addition of a methyl group does not modify
histone chain charge. Methylated histones rather seem to serve as a recognition
platform for protein complexes that bind to chromatin and remodel its compaction,
localization, and transcriptional activity (Cohen et al. 2011).

Apart from covalent modifications occurring at histone tails, the DNA sequence
can also be chemically modified. A detailed description of DNA modifications is
beyond the scope of this chapter, but it is important to mention that there is sig-
nificant crosstalk between histone PTMs and DNA modifications, and that these two
gene expression regulatory phenomena can be dependent on each other. For
instance, DNA methylation has been proposed to serve as a template for establishing
particular PTMs on newly synthesized histones after DNA replication (Cedar and
Bergman 2009). DNA methylation is the classic example of a heritable epigenetic
mark, specifically at CpG islands, which are maintained in a semi-conservative
manner by the activity of the DNA methyltransferase 1 (Dnmt1) (Jones and Liang
2009). DNA methylation is found symmetrically on parental strands, each daughter
strand therefore contains one methylated strand acting as a template for faithfully
maintaining the methylation pattern at the newly synthesized DNA strand.

2 Machineries of Histone Post-translational
Modifications (PTMs)

The addition and removal of histone PTMs are considered key regulatory processes
of chromatin function. Enzymes which catalyze the addition of PTMs to histones
are often referred to as “writers.” The added modifications are then recognized by
so-called “readers” (proteins which are sensitive to the PTMs presented by the
histones), and, ultimately, some of them by “erasers” (enzymes which catalyze the
removal of these marks) (Falkenberg and Johnstone 2014). The actions of these
proteins are crucial for the dynamic regulation of histone modification levels on the
chromatin fiber, since most PTMs have a writer/eraser pair with opposing effects.
For example, histone acetylation is regulated by the opposing actions of HATs and
HDACs, and phosphorylation is regulated by the activity of kinases and phos-
phatases. The fine regulation of these enzyme activities determine whether histone
PTMs contribute to short-term chromatin regulation (immediate functions) or
long-term chromatin changes (heritable function). In cellular signaling events, rapid
responses to environmental stimuli necessitate a high turnover rate of histone
PTMs, whereas defining and maintaining chromatin structures, such as constitutive
heterochromatin, throughout the cell cycle or from one cell generation to the next,
requires constant PTMs with little dynamics (Turner 2007).
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3 PTMs in Epigenetic Inheritance

Epigenetics is generally defined as heritable changes in gene activity and expression
that occur without altering the underlying DNA sequence (Bird 2007; Goldberg
et al. 2007). Epigenetics is therefore often considered a link between genotype and
phenotype. Besides DNA methylation (which is not found in all species), histone
PTMs are a major regulatory entity for epigenetic chromatin regulation and func-
tion, since they determine heritable differences in chromatin states. Important
players at all stages of histone and chromatin regulation (including PTM modula-
tion) are histone chaperones. They associate with newly synthesized histones, help
transport them into the nucleus, and associate them to DNA (Avvakumov et al.
2011).

Epigenetic inheritance and the transmission of information beyond the DNA
sequence during cell division is crucial for maintaining differential gene expression
patterns during development and differentiation, and also for the development of
many diseases (Heard and Martienssen 2014). The known association of histone
chaperones and chromatin-modifying enzymes to the replication fork highlights
that, at least for some of these marks, their inheritance is of crucial importance for
cell viability and function.

An epigenetic role for histones was first proposed in 1980 (Stein 1980), but it
was almost 20 years later, in 1997, when the first mechanistic understanding of how
histone PTMs mediate the inheritance of silenced chromatin was reported, using
budding yeast as a model (Sherman and Pillus 1997). More and more examples of
histone-mediated inheritance were discovered in higher eukaryotes, including
humans, resulting in more effort to unravel the epigenetic roles of PTMs. Today, the
information on different epigenetic roles of PTMs is overwhelming and summarized
elsewhere (Allis and Jenuwein 2016).

4 Maintenance of PTMs Throughout Cell Cycle

Chromatin in proliferating cells is highly dynamic. During cell cycle, there are two
major events involving a global chromatin reconstruction. First, during S-phase,
newly synthesized histones must be correctly incorporated with nascent DNA, and
histone PTMs must be reestablished (Annunziato 2005). Second, major chromatin
remodeling and distributional changes of chromatin-associated factors occur during
mitosis; most prominent is the condensation of chromosomes and the phosphory-
lation of histone H3S10 (Hsu et al. 2000).

In the case of histone modifications, canonical histones are displaced and
replaced during S-phase and DNA replication. During DNA replication, chromatin
is disassembled prior to the replication fork and reassembled on the two daughter
strands. How PTMs of recycled and newly incorporated histones are faithfully
passed from one generation to the next is not yet fully understood. Alabert et al.
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have recently examined the maintenance of histone PTMs after DNA replication in
HeLa cells and propose two modes for the transmission of histone modifications at
the replication fork: (i) most of the PTMs on parental old histones are retained and
newly synthesized histones collect PTMs to become identical within the same cell
cycle; and (ii) gradual modification of both new and parental histones. In the case of
the H3K9me3 and H3K27me3 marks on new H3, more than one generation is
required to complete the trimethylation. As these marks are therefore diluted in half
after replication, a potential loss of cellular memory could result (Apostolou and
Hochedlinger 2013). However, this is counterbalanced by the continual modifica-
tion of both new and old histones.

The results of Alabert et al. suggest that histone PTMs are transmitted at the
replication fork and would be in contrast to the observation of complete deletion of
PTMs in experiments using Drosophila embryos, where the TrxG and PcG
histone-modifying enzyme complexes remain associated during replication and
reestablish the histone modifications after S-phase (Petruk et al. 2012).

5 Centromeric Chromatin: CENP-A, the Epigenetic
Marker for Centromere Identity

The proper segregation of genetic information during cell division is crucial to
maintain genomic integrity. Errors in segregation can lead to abnormal chromo-
some number—known as aneuploidy—which is linked to human disease (Kops
et al. 2005). Accurate segregation during mitosis is mediated by the centromere, a
chromosomal chromatin region of each sister chromatid that serves as a chromatin
foundation for kinetochore formation and as a chromosome attachment to the
mitotic microtubule spindle (Przewloka and Glover 2009).

Despite differences in complexity, one common centromere feature is conserved
among species: the replacement of the canonical histone H3 with the histone H3
variant CENP-A in a subset of centromeric nucleosomes (Allshire and Karpen
2008). The underlying DNA sequence is fast evolving and not conserved between
species (Murphy et al. 2005). With the exception of some yeast species such as
Saccharomyzes cerevisiae and Kluyveromyces lactis, the centromeric DNA
sequence alone seems insufficient to confer centromeric identity, and it is, therefore,
widely accepted that centromeres are regulated epigenetically (Karpen and Allshire
1997).

CENP-A is structurally similar to the canonical histone H3. The C-terminus
contains a globular HFD that shares 62% sequence homology with the HFD of
canonical H3 (Sullivan et al. 1994). The HFD of CENP-A, like all histone proteins,
consists of three a-helices linked by two loops (Arents et al. 1991). In addition to
mediating the interaction with histone H4, CENP-A’s HFD contains the critical
structural features that are needed to deposit CENP-A to centromeres, i.e., loop1
(L1) and a-helix 2, which build up the CENP-A targeting domain (CATD), a region
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that is necessary and sufficient to promote centromeric targeting (Black et al. 2004).
In contrast to the HFD, the N-terminal tail of CENP-A is very diverse and varies in
length between different species as discussed later (Smith 2002). X-ray crystal-
lography has revealed that CENP-A and canonical nucleosomes are structurally
very similar, and both types of nucleosomes wrap their DNA in a left-handed
manner (Tachiwana et al. 2011). The precise composition of centromeric nucleo-
somes has been a subject of controversy over the past years, however, most evi-
dence points to an octamer as the predominant centromeric structure (Dunleavy
et al. 2013). Differences in the octameric structure of CENP-A-containing nucle-
osomes may be mediated by the binding of CENP-C, which can reshape these
nucleosomes into a more rigid structure (Falk et al. 2015).

6 PTMs of Centromeric Chromatin

Despite the essential role of CENP-A for most centromeres, the chromatin envi-
ronment created by the presence of specific PTMs on all histone species at cen-
tromeres is just as important. In most species, centromeres are organized with a
central region that is defined by the presence of CENP-A-containing nucleosomes,
surrounded on both sides by flanking heterochromatin (pericentric chromatin)
(Blower and Karpen 2001; Blower et al. 2002; Partridge et al. 2000). The PTMs on
histones present at human centromeres indicate that centromeric chromatin is nei-
ther heterochromatic nor euchromatic. This unique mixture of repressive and per-
missive histone marks has been termed “centrochromatin” (Sullivan and Karpen
2004).

The PTMs of centromeric chromatin can be sorted in four different categories
depending on their localization: PTMs (i) of the pericentromeric region, (ii) of
nucleosomes adjacent to CENP-A containing nucleosomes, (iii) of CENP-A con-
taining nucleosomes, and (iv) of CENP-A itself (Fig. 1).

6.1 Modifications of the Pericentromeric Region

As mentioned before, chromatin is generally divided into distinct types: tran-
scriptionally ‘open’ euchromatin and tightly packaged, ‘closed’ heterochromatin. It
is now clear that this “open” or “closed” classification is an oversimplification, and
more precise subdivisions of chromatin structures have been proposed based on
specific PTMs and the protein associated with these modifications (Filion et al.
2010). Early studies have shown that centromeres are surrounded by heterochro-
matin (Lima de Faria 1949), and following studies have found that these pericen-
tromeric regions are indeed containing hypermethylated H3K9 that is dependent on
the Suv39h histone methyltransferases as a typical repressive mark of heterochro-
matin (Peters et al. 2003; Rice et al. 2003). Similar to centromeres, the surrounding
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pericentromeric heterochromatin is characterized by hypoacetylated canonical his-
tones. However, in contrast to centromeres, pericentric chromatin is characterized
by dimethylation (flies and fission yeast) or trimethylation (in mammalian cells) of
H3K9 (Noma et al. 2001). Another repressive mark present at the pericentromeric
region is H3K27me3, which may serve slightly different or additional functions for
instance a compensatory mechanism for the loss of K9 methylation, causing
redistribution of this mark to the region, preserving in this manner the repressive
state (Lam et al. 2006). Trimethylation of H4K20 is another marker of constitutive
heterochromatin that is present in DNA repetitive regions, focally enriched at
pericentric heterochromatin. All these repressive marks index pericentric hete-
rochromatin in a sequential model. After H3K9 and H3K27 methylation occurs, the
heterochromatin protein 1 (HP1) binds, further recruiting Suv4-20h enzymes,
which trimethylate H4K20, reinforcing the heterochromatic state of pericentromeric
chromatin (Schotta et al. 2004). HP1 dissociation from heterochromatin is regulated
by the Aurora B phosphorylation of H3S10 in M-phase (Fischle et al. 2005). The
levels of HP1 dissociation, however, seem to vary in different model systems. In
Drosophila cultured cells, for instance, HP1 is still detectable on metaphase
chromosomes (Rosic et al. 2014).

The presence of heterochromatin in pericentromeric regions is also required to
ensure recruitment of cohesin protein complex, which holds sister chromatids
together until anaphase onset (Sakuno et al. 2009; Yamagishi et al. 2008).
Moreover, heterochromatin of pericentromeric regions is restricted to a particular
portion as shown in Schizosaccharomyces pombe, where centromeres are sur-
rounded by chromatin barriers containing tRNA genes (Scott et al. 2006). It is also
important to note that there is a correlation between heterochromatin and neocen-
tromere establishment at least in some species: neocentromere formation is reduced
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Fig. 1 Different possible localizations of PTMs at centromeric chromatin. A generalized diagram
is shown, indicating the composition of chromatin in distinct regions of the chromosome arm
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in mutants of the S. pombe H3K9 methyltransferase Clr4, suggesting that hete-
rochromatin positively influences neocentromere formation (Ishii et al. 2008).
Consistently, stable hotspots of overexpressed CENP-A in Drosophila cells
are preferentially established at euchromatin/heterochromatin boundaries (Olszak
et al. 2011).

While repressive marks on the canonical histones H3 or H4 play a role in
establishing centromeric chromatin, histone variants (apart from CENP-A) can also
do so but are less well understood. For instance, the H3 variant H3.3 replaces the
canonical H3.1 in nucleosomes of pericentromeres, telomeres, and regions of active
transcription in a replication-independent manner (Chow et al. 2005; Wirbelauer
et al. 2005). During mitosis, H3.3S31 is phosphorylated by CHK1 at pericen-
tromeric regions (Hake et al. 2005). H3.3S31ph then spreads along the chromosome
arm in lagging or misaligned chromosomes, causing p53-dependent cell cycle
arrest. Mitotic H3.3S31ph has been unraveled recently, as a sensor to promote
nuclear p53 accumulation in aneuploidy daughter cells, thereby preventing and
suppressing aneuploidy (Hinchcliffe et al. 2016).

6.2 Modifications of H3 Nucleosomes Adjacent to CENP-A
Containing Nucleosomes

Examination of extended chromatin fibers has revealed that CENP-A nucleosomes
occupy discrete domains that are interspersed with chromatin containing canonical
histone H3 (Blower et al. 2002; Sullivan and Karpen 2004; Zinkowski et al. 1991).
In contrast to the repressive marks at pericentromeres, canonical histone H3 within
centromeric chromatin contains some marks that are usually specific for open
chromatin, e.g., K36me2 (Bergmann et al. 2011). At the same time, other typical
euchromatic modifications, such as acetylation of H3 and H4, are missing, but so
are typically silent chromatin marks, such as H3K9me3 (Sullivan and Karpen
2004). The inhibition of HDAC activity by trichostatin A (TSA) leads to hyper-
acetylated centromeres and chromosome segregation defects in S. pombe, and
prolonged mitotic arrest in HeLa cells (Shin et al. 2003), suggesting that histone
marks are crucial for cell cycle progression and accurate segregation.

Using human artificial chromosomes (HACs), Bergmann et al. found H3K36me
as a new centrochromatin modification. This modification is normally associated
with transcription elongation, supporting observations that centromeres are tran-
scriptionally active (Bergmann et al. 2011). This study also found that H3K4me2
plays a role in CENP-A maintenance. H3K4me2 depletion at the alphoidtetO cen-
tromere of the HAC by tethering the lysine-specific demethylase 1 (LSD1) causes a
reduction of CENP-A incorporation as a result of the loss of the CENP-A chaperone
HJURP at centromeres, suggesting that this modification is involved in the
recruitment of HJURP to centromeres.
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A more recent study shows that CENP-A-proximal nucleosomes containing
canonical histones are not uniformly modified, but bear complex combinations of
PTMs. They confirm the presence of H3K4me2 and H3K36me2/3, and show that
these modifications exist in combination with methylation (and some low levels of
acetylation) on different lysines of the same histone, predominantly H3K9 (mono-,
di-, and trimethylations), and H3K27 (mono, di, and trimethylation) (Bailey et al.
2015). Regulating the balance between H3K9ac, which promotes CENP-A
assembly, and H3K9me3, which inhibits it, may be crucial not only for kineto-
chore assembly but also for genome stability (Ohzeki et al. 2012). In conclusion,
the distinct combination of histone modifications associated with centrochromatin
distinguishes it from bulk chromatin, thereby creating a chromatin environment
crucial for facilitating the centromere function and its propagation.

In addition to establishing a unique chromatin environment, some marks
established only during specific processes such as mitosis are also important for
centromere function. For instance, the mitotic kinase haspin is responsible for H3T3
phosphorylation and this mark is specifically enriched at H3 nucleosomes of the
centromeric core of mitotic chromosomes (Kelly et al. 2010; Wang et al. 2010;
Yamagishi et al. 2010) and has been proposed to guarantee proper chromosome
congression to the metaphase plate for faithful segregation of sister chromatids
during anaphase (Dai and Higgins 2005).

6.3 Modifications of CENP-A Containing Nucleosomes

X-ray crystallography studies showed that human CENP-A and H4 interact to form
a heterotetramer (Sekulic et al. 2010; Tachiwana et al. 2011). H4 associated with
pre-nucleosomal CENP-A is acetylated in a manner that is essentially identical to
H4 in complex with pre-nucleosomal H3. The three predominant acetylation sites of
H4 are the a-N-terminus, which is modified constitutively during translation (Hole
et al. 2011), and lysines K5 and K12, which are acetylated by histone acetyl-
transferase B (HAT B) (Chang et al. 1997). Acetylation of H4 at K5 and K12 is
found within the pre-nucleosomal CENP-A-H4-HJURP complex and requires
RbAp46/48 for its subsequent successful localization of CENP-A to centromeres
(Shang et al. 2016).

In contrast to chromatin-associated centromeric H4, pre-nucleosomal CENP-A
associated histone H4 lacks K20me (Bailey et al. 2015). H4K20me1 has been
reported to be enriched at centromeres and essential for correct kinetochore
assembly (Hori et al. 2014). Bailey et al. also found that the most abundant form of
centromeric H4 in cycling cells bore H4K20me2. However, as they discussed,
H4K20me2 is a common modification within general chromatin and the ubiquitous
nature of H4K20me2 makes it unlikely to play a unique role in centromere identity.

In S. cerevisiae hypoacetylation of H4K16 at centromeres has been reported to
be important for kinetochore function, since its deregulation leads to failures in
chromosome segregation (Choy et al. 2011).
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6.4 Modifications of CENP-A Itself

The CENP-A N-terminal tail is enriched in arginines and lacks most of the
well-characterized lysines of histone H3 that are targets for modification.
A divergence is not only found between CENP-A and other canonical histones or
other variants, but also between CENP-A orthologs from different species. The
N-terminal tails of CENP-A orthologs vary significantly in length (for instance, 20
aa in S. pombe versus 200 aa in Caenorhabditis elegans) (Smith 2002). Like other
histones, CENP-A is also subjected to post-translational modifications. Depending
on the modification, the effect will influence CENP-A stability, structure, or posi-
tioning. What is special to CENP-A modifications is that many of these PTMs affect
the recruitment of kinetochore components. However, for most of the so far dis-
covered PTMs of CENP-A we know very little about their catalysis, dynamics, and
function.

Phosphorylation. The CENP-A N-terminus is phosphorylated on S16 and S18
already in prenucleosomal CENP-A, and these marks are important for reliable
chromosome portioning during division (Bailey et al. 2013). The phosphorylation
state of Drosophila CENP-A varies with its subnuclear localizations since mass
spectrometry analysis detected cytoplasmic CENP-A peptides in unmodified,
mono-, and dephosphorylated form (most prominently at S20ph and S75ph),
while nucleoplasmic CENP-A peptides were only detected as unmodified and
monophosphorylated (S77ph) peptide (Boltengagen et al. 2015).

Apart from regulating the passage of the newly synthesized protein through
different pre-assembly complexes, phosphorylation of CENP-A can impair its
deposition at centromeres. CDK1 phosphorylates CENP-A at S68, which interferes
with CENP-A binding to its loading factor HJURP and, therefore, with its depo-
sition to centromeric chromatin prior to mitotic exit (Yu et al. 2015; Zhao et al.
2016). At the time of CENP-A loading onto centromeric chromatin this phospho-
rylation is removed by the phosphatase PP1a. However, in long-term cell survival
assays, S68 phosphorylation seems dispensable for CENP-A function and cellular
survival, challenging the finding that S68 phosphorylation is necessary for CENP-A
recognition by HJURP and therefore faithful loading (Fachinetti et al. 2017).

CENP-A is also phosphorylated by Aurora A and B at S7 and this modification
is required for mitotic progression and proper kinetochore function. CENP-A-S7ph
is initially established by Aurora A in prophase and this is required for Aurora B
restriction to the inner centromere, the maintenance of CENP-A phosphorylation at
S7 by Aurora B from late prophase to metaphase, and for recruiting the inner
kinetochore protein CENP-C (Goutte-Gattat et al. 2013; Kunitoku et al. 2003). The
maize ortholog of CENP-A is phosphorylated at S50 during chromosome segre-
gation, in a temporal pattern very similar to the S7ph in human CENP-A (Zhang
et al. 2005).

Methylation. CENP-A N-terminus not only bears phosphorylation sites, but is
also a-trimethylated on Gly1 by the N-terminal RCC1 methyltransferase NRMT,
though it is unclear how NRMT activity is regulated (Bailey et al. 2013).
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The a-N-methylation has previously been reported to facilitate the chromatin
localization of the regulator of chromatin condensation 1 (RCC1), a key player in
nucleocytoplasmic transport, mitosis, and nuclear envelope assembly (Chen et al.
2007). The addition of three methyl groups on CENP-A implies the introduction of
a conformational change that mediates DNA interactions. The conservation of the
CENP-A N-terminal motifs among different species and the fact that most of
CENP-A nucleosomes carry G1me3 points to the importance of this modification.

In S. cerevisiae a single nucleosome defines the centromeric region and therefore
constitutes a so-called point centromere (Morey et al. 2004). In the essential
N-terminal domain of Cse4 (CENP-A ortholog), R37 is methylated and this
modification is proposed to positively regulate the recruitment of the complete
kinetochore complex and consequently control proper chromosome segregation
(Samel et al. 2012).

Acetylation. Apart from the phosphorylations already discussed that affect
CENP-A localization within the cell, CENP-A-K105ac has been described in
Drosophila cytosolic prenucleosomal CENP-A but not in nuclear extracts
(Boltengagen et al. 2015). Therefore, this prenucleosomal modification might be
important for its association with chaperones and/or for its import into the nucleus,
as has been shown for H4 acetylation at K5 and K12 (Lassallette et al. 2011).
Human CENP-A has also been reported to be acetylated at K124 in
G1/S-phase-derived cells, a residue located within the HFD closer to the C ter-
minus. Adding an acetyl group to K124 neutralizes the positively charged lysine
surface, supposedly loosening the DNA-histone interface and increasing the
accessibility of the CENP-A nucleosomal interior to non-histone proteins or to
chromatin remodelers (Bui et al. 2012). It was proposed that this CENP-A K124ac
functions in “priming” or “blocking” CENP-A K124 for ubiquitylation until the
M-phase.

Ubiquitylation. At the same residue as the previously discussed acetylation,
CENP-A can be ubiquitylated (K124ub) by the CUL4A-RBX1-COPS8 complex
in vivo and in vitro. Acetylation of CENP-A serves as a signal for its deposition at
centromeres. The ubiquitylation at this residue occurs in the M and G1 phases and
is required for efficient interaction with HJURP to properly localize CENP-A at
centromeres and is, therefore, essential for CENP-A loading onto chromatin
(Niikura et al. 2015). This study has recently been contradicted by Fachinetti et al.
who found no evidence for CENP-A-K124ub to be important for loading or
maintenance of CENP-A (Fachinetti et al. 2017). CENP-A mono-ubiquitylation
seems epigenetically inherited through dimerization between cell divisions and this
inheritance is important for the control of CENP-A deposition and maintenance
at centromeres (Niikura et al. 2016). Similar to the human K124ub, mono-
ubiquitylation of Drosophila CENP-A by the E3 ligase CUL3/RDX has been
reported (Bade et al. 2014). Mono-ubiquitylation stabilizes CENP-A that is bound
to its loading factor CAL1. The CAL1 interaction to the ubiquitin machinery
mediates the mono-ubiquitylation of CENP-A and, therefore, its accurate loading,
securing that chromosomes segregate correctly.
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Mono-ubiquitylation of CENP-A seems to be important for its stability, but
ubiquitin is normally used to poly-ubiquitylate proteins, thereby marking them for
degradation by the proteasome. In the case of CENP-A, proteolysis of residual,
spare, or overproduced CENP-A helps to prevent its spreading into euchromatin in
several organisms and restrict loading to centromeric chromatin only (Hewawasam
et al. 2010; Moreno-Moreno et al. 2006, 2011; Ranjitkar et al. 2010).

Taken together, post-translational modifications present on centromeric chro-
matin at different levels impact the prenucleosomal assembly, nuclear import, and
the pre-loading states of CENP-A, as well as the formation of centromeric chro-
matin and kinetochore formation, allowing centromeres to mediate faithful mitosis
and meiosis (Fig. 2).
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7 Phosphorylation of Non-histone Proteins,
Regulatory Effect of Kinetochore Activity

As already mentioned, the interaction between the centromere-attached kinetochore
and the microtubules ensures the precise segregation of chromosomes in mitosis as
well as in meiosis. For accurate regulation, kinetochore components are also
post-translationally modified in large numbers. The most commonly known PTM of
kinetochore proteins is phosphorylation. Two prominent kinase families at the
kinetochore are Polo and Aurora that phosphorylate many proteins at centromeric
regions during the cell cycle. Nevertheless, other kinases such as mps1, haspin,
Cdk1, or bub1 are key regulators of mitotic progression that function at or near
centromeric chromatin and are essential for correct cell cycle progression in mitosis
(Bayliss et al. 2012).

The Polo-like kinases (Plk) compose a family of structurally related Ser/Thr
kinases that are highly conserved from yeast to humans. They have multiple cell
cycle functions, e.g., coordinating the entry into M-phase by the activation and
control of cyclin-dependent kinase 1 (CDK1) (Archambault and Glover 2009).
Strikingly, Polo kinases localize to the centromeric and kinetochore regions and
have been shown to be required for initial CENP-A deposition in human cells. Plk1,
which is the most extensively studied among the four mammalian Plks, is required
downstream of CENP-C localization, and its substrate is M18BP1, a subunit of the
kinetochore protein family Mis18 complex. The phosphorylation of M18BP1 by
Plk1 promotes the centromeric localization of Mis18 complex, thereby licensing
centromeres for CENP-A deposition (McKinley and Cheeseman 2016). Plk1
localization has been suggested to be dependent on phosphorylation of inner cen-
tromere protein (INCENP) by CDK1. However, it is difficult to rule out whether
these modifications directly mediate Plk1 localization to the kinetochore, or whe-
ther it is a secondary effect of other aspects in kinetochore assembly. Furthermore,
Plk1 seems to act as a sensor of tension at the kinetochore. Plk1 phosphorylates
BubR1 at S676 and thereby stabilizes kinetochore–microtubule interactions during
mammalian mitosis (Elowe et al. 2007).

A second important family of conserved kinases involved in chromosome seg-
regation is the family of Aurora protein kinases. This Ser/Thr-direct kinase family
encompasses Aurora A, B, and C. Aurora B has been implicated in many cell cycle
processes, including chromosome condensation, segregation, sister chromatid
cohesion, and cytokinesis (Carmena et al. 2009). Aurora B is part of the chromo-
somal passenger complex (CPC), that it is also composed of INCENP, Borealin,
and Survivin. Localization of the CPC is dynamic during mitosis and is an indi-
cation of the multiple roles of the CPC. Aurora B, along with CDK1, contributes to
sister chromatid’s resolution by phosphorylating the cohesion-stabilizing protein
Soronin (Nishiyama et al. 2013). CPC also regulates kinetochore to microtubule
attachments and activation of the mitotic checkpoint until chromosomes become
bi-oriented (Muñoz-Barrera and Monje-Casas 2014). Whether and how these
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phosphorylated proteins interact with PTMs of centromeric histones or of other
enzymes that act on histones is likely to be an area of intense research in the future.

Remarkably, DNA processes can also regulate kinase function. For instance,
transcription at the centromere plays an important role in kinetochore assembly,
since noncoding RNAs are required for regulating the activation and localization of
Aurora B (Blower 2016; Ferri et al. 2009; Jambhekar et al. 2014).

8 Conclusion and Perspectives

In summary, a vast array of PTMs regulate centromeric chromatin and centromere
function. Like the rest of the genome, modifications of centromeric chromatin exist
in a unique pattern that specifies centromere identity. While previous research on
PTMs relied on site-specific antibodies, these methods are replete with technical
obstacles. As a result of the progress in protein mass spectrometry, many new
aspects of these modifications have been unraveled. Single-cell epigenomic meth-
ods are also very rapidly developing, which have the potential to polish our
understanding of histone modifications in a more detailed manner. Single-cell
DamID could also support genome wide analysis of histone modifications by using
Dam fusion with specific histone readers or modifiers.

Improving and refining our knowledge about histone modifications that occur in
particular cells at defined moments will improve our understanding of how epi-
genetic processes crosstalk with one another, and their role in stemness, develop-
ment, and disease.
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Glossary

Histone
code

It describes the hypothesis that the genetic information encoded in
the DNA with a four-letter code is controlled by diverse
post-translational modifications of histones which act in combination
to provide binding sites for specific regulatory proteins depending on
the combinatorial use of histone modifications.

PTM Post-translational modifications are covalent modifications of pro-
teins catalyzed by enzymes, which occur after proteins translation is
completed.
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Centromere Silencing Mechanisms

Shannon M. McNulty and Beth A. Sullivan

Abstract Centromere function is essential for genome stability and chromosome
inheritance. Typically, each chromosome has a single locus that consistently serves
as the site of centromere formation and kinetochore assembly. Decades of research
have defined the DNA sequence and protein components of functional centromeres,
and the interdependencies of specific protein complexes for proper centromere
assembly. Less is known about how centromeres are disassembled or functionally
silenced. Centromere silencing, or inactivation, is particularly relevant in the cases
of dicentric chromosomes that occur via genome rearrangements that place two
centromeres on the same chromosome. Dicentrics are usually unstable unless one
centromere is inactivated, thereby allowing the structurally dicentric chromosome
to behave like one of the monocentric, endogenous chromosomes. The molecular
basis for centromere inactivation is not well understood, although studies in model
organisms and in humans suggest that both genomic and epigenetic mechanisms are
involved. In this chapter, we review recent studies using synthetic chromosomes
and engineered or induced dicentrics from various organisms to define the
molecular processes that are involved in the complex process of centromere
inactivation.
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1 Introduction

The centromere is an essential chromosomal region that is defined as the visible
primary constriction of eukaryotic chromosomes. It is the locus that segregates
chromosomes in mitosis and meiosis and is important for maintaining sister chro-
matid (mitosis) or homolog (meiosis) attachments prior to mitosis. Each chromo-
some must contain one, and usually only one, centromere. Chromosomes lacking
centromeres are lost during cell division, and those with more than one centromere
often undergo anaphase lag and/or chromosome breakage and can trigger genome
instability. Defective centromeres are associated with aneuploidy, birth defects,
infertility, cancer, and aging.

Centromeres are largely defined epigenetically, by the presence of the histone
H3 variant CENP-A that replaces H3 in a subset of centromeric nucleosomes to
create a unique type of chromatin that distinguishes the centromere from the rest of
the genome (Blower et al. 2002; Palmer et al. 1991). Centromeric chromatin exists
as a large domain of interspersed CENP-A and H3 nucleosomes. The location at
which CENP-A nucleosomes accumulate is typically restricted to one region per
chromosome. This site is marked and inherited as the centromere due to the
incorporation of new CENP-A every cell cycle. CENP-A incorporation into
nucleosomes triggers the assembly of the constitutive centromere-associated net-
work (CCAN) that connects chromatin within the centromere to the outer kineto-
chore where microtubule attachments are made.

Much research has been focused on determining the biological processes
underlying proper centromere assembly and the achievement of optimal kineto-
chore architecture that is required for microtubule attachment and chromosome
movement toward spindle poles (Izuta et al. 2006; McAinsh et al. 2003; Cheeseman
et al. 2008; Suzuki et al. 2015). It has been equally important, though, to determine
how centromeres are functionally silenced, or turned off. This is relevant for
developing therapeutic approaches to target specific centromeres in different types
of diseases. In cases of congenital aneuploidies, such approaches could potentially
return a cell to a normal diploid state. Targeting specific, or multiple, centromeres in
tumor cells could hold promise for chemotherapies with fewer negative conse-
quences for the normal cells of the patient.

This chapter encompasses current knowledge in the field with respect to
mechanisms that silence or inactivate centromeres. We discuss studies from various
organisms spanning unicellular yeasts to humans that have focused on endogenous,
synthetic, and variant centromeres. These investigations have coordinately
increased our knowledge of the factors that are required to disable centromeres.
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2 Silencing Endogenous Centromeres

Centromere assembly requires a wide array of proteins to build the many structural
and functional levels of the centromere and kinetochore. Recruitment of CENP-A to
centromeres is achieved through the cooperative action of the CENP-A chaperone
HJURP and the Mis18 complex (Barnhart et al. 2011; Foltz et al. 2009; Hayashi
et al. 2004). The 16-subunit complex CCAN is important for creating a platform to
link centromeric chromatin of the inner kinetochore to the KMN protein network
that connects the kinetochore to spindle microtubules (Cheeseman et al. 2008; Foltz
et al. 2006; Hori et al. 2008; McKinley et al. 2015; Nishino et al. 2012, 2013;
Suzuki et al. 2015). Genetic deletions or RNAi depletions of almost any of the
proteins that contribute to centromeric chromatin or are part of the CCAN and
KMN networks will reduce centromere function and inhibit centromere assembly
(Carroll et al. 2009; Cheeseman et al. 2008; Fachinetti et al. 2013; Foltz et al. 2006;
Hori et al. 2008; Westhorpe and Straight 2013). However, these mutations or
protein depletions affect all centromeres equally, leading to cell arrest or death, and
have been less useful for understanding the process by which a centromere is
progressively stripped of function. A recent study showed that centromere assembly
requires at least two steps: (1) establishment of centromere memory by incorpo-
ration of CENP-A into chromatin and (2) stabilization of the incorporated CENP-A
by coordinated binding to CENP-B and CENP-C (Fachinetti et al. 2013).
Centromere silencing, by extension, must involve, to some extent, destabilization of
the interactions between CENP-A, CENP-B, and CENP-C, as well as erasure of
centromere memory invoked by existing CENP-A to inhibit new CENP-A loading.
Understanding how CENP-A is removed and/or prevented from loading at a fully
functional centromere has been explored in a variety of contexts, including syn-
thetic centromeres and engineered dicentric chromosomes.

3 Induced Centromere Silencing

In addition to intrinsic mechanisms of centromere silencing, centromeres can also
be silenced by ectopically tethering proteins to the centromere domain to alter the
level of transcription and the chromatin environment, ultimately inducing kineto-
chore loss. Studies using this approach have supported a link between specialized
centromeric chromatin and kinetochore function, highlighting the importance of a
fine balance of euchromatin and heterochromatin and a moderate level of tran-
scription for proper centromere function and maintenance and prevention of cen-
tromere inactivation.
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3.1 Human Artificial Chromosomes as Tools to Study
Centromere Silencing

The majority of protein-tethering experiments have utilized human artificial chro-
mosomes (HACs), which are engineered chromosomes that contain a centromere
and are faithfully segregated with the endogenous chromosomes over many cell
cycles, even in the absence of selection. HACs are advantageous for the study of
centromere epigenetics and centromere inactivation because their dysfunction or
loss does not affect the stability of the endogenous chromosomes or the viability
of mammalian cells at large, allowing the extreme limits of centromere function to
be tested. Additionally, changes to the centromere that result in inactivation are
easily and rapidly assessed by measuring loss of the entire HAC.

HACs have been created by two methods: telomere-directed truncation, also
known as “top-down” assembly, which removes chromosome arms by
telomere-mediated truncation to leave only the centromere and the immediately
surrounding region (Farr et al. 1991), and by “bottom-up” assembly, which creates
de novo chromosomes by the transfection of naked genomic DNA and synthetic
alpha satellite DNA capable of centromere formation (Harrington et al. 1997;
Ikeno et al. 1998). The first generation HACs constructed with these methods
contained centromeres derived from endogenous chromosomes or synthetically
assembled alpha satellite sequences and, while useful for determining the mini-
mum sequence requirements to form a viable, faithfully segregating chromosome,
they were not amenable to directed epigenetic alteration to study centromere
inactivation. The second generation of HACs provided this ability by replacing the
CENP-B box sequence of every other monomer of the approximately 100 kb
alpha satellite array with a tetracycline operator (tetO) sequence to form
alphoidtetO-HACs (Fig. 1a) (Nakano et al. 2008). Using the tetracycline
repressor-operator (tetR-tetO) system, specific proteins fused to the tetracycline
repressor (tetR) can be tethered to the tetO sequence to induce changes in the level
of transcription or chromatin accessibility. These alterations affect only the HAC,
as the tetO sequence does not naturally occur within the human genome, allowing
epigenetic manipulation of a single, nonessential centromere. Additionally, HAC
centromeres assemble centromeric chromatin similar to that observed in endoge-
nous human centromeres (Sullivan and Karpen 2004; Blower et al. 2002), con-
taining a continuous CENP-A and H3K4me2 domain (Fig. 1a) (Lam et al. 2006;
Nakano et al. 2008), and are highly stable. HACs closely mimic normal cen-
tromeres and are powerful tools for investigating processes of centromere
inactivation.
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3.2 Transcriptional Activation of Artificial Centromeres
to Induce Silencing

Although early experiments in budding yeast suggested the incompatibility of
centromere function and high levels of transcription (Hill and Bloom 1987), the
exact relationship between transcription and centromere activity remained unclear.
To directly test the ability of a human centromere to withstand transcription, two
transcriptional activators with variable levels of transcriptional induction were
tethered to the centromere of an alphoidtetO-HAC. Tethering of tetracycline-
controlled activator (tTA), a fusion protein of tetR and a transactivating domain
derived from the Herpes simplex virus protein 16 (VP16) (Gossen et al. 1995),
increased transcription 150-fold and moderately increased H3K9 acetylation within
the alphoidtetO centromere (Fig. 1b) (Nakano et al. 2008; Bergmann et al. 2012).
Within 2 days, tTA tethering led to a dramatic reduction in CENP-A loading,
centromere inactivation, and loss of the HAC. In contrast, when NF-jB p65, a
transcription factor that induces a lower level of transcription, is tethered to the
HAC, the centromere remains functional, despite a 10-fold increase in transcription
and a moderate increase in H3K9 acetylation (Bergmann et al. 2012). These
experiments suggest that, although some level of transcription and a resulting
increase in chromatin accessibility is tolerated within the centromere, the plasticity
of centromeres is limited, with the combination of strong transcription and
hyperacetylation being incompatible with active centromere function.

}(a) Unaltered Alphoid TetO-HAC chromatin state

(b) Inactive centromere chromatin state 
after strong transcriptional activation

} } }

(c) Inactive chromatin state after 
trancriptional repression or  

repression pathway effector tethering    

(d) Inactive chromatin state after
demethylase tethering

CENP-B Box
TetO 
H3K9me3
H3K4me2
CENP-A
Histone 3
H3K9ac
Transcription

}
tTA 

tTS, HP1α,  
Suv39h1, or BIM1

LSD-1

Fig. 1 Silencing of synthetic centromeres. a HAC centromeres used in induced inactivation
experiments are assembled on synthetic alpha satellite arrays, which have been modified to contain
a tet operator sequence in every other monomer. Like endogenous human centromeres, alphoidTetO

arrays contain CENP-A and the euchromatic H3K4me2 histone mark. b Centromere inactivation is
induced by promoting strong transcription through the alphoidTetO array by tethering tTA, which
leads to a loss of H3K4me2 and CENP-A, and an influx of H3K9ac marks. c Tethering a
transcription repressor (tTS) or proteins involved in constitutive heterochromatin and polycomb
repression pathways to the alphoidTetO centromere causes H3K9me3 incorporation, inducing a
more heterochromatic state with reduced transcription and leading to CENP-A loss and centromere
inactivation. d Targeting of the demethylase LSD-1 to tetO sequences integrated into the alphoid
DNA causes a loss of both H3K4me2 and CENP-A, leading to the gradual inactivation of the
centromere, although heterochromatin does not spread into the region
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3.3 Transcriptional Repression of Artificial Centromeres

Centromere inactivation can also be induced by tethering the tetracycline-controlled
silencer tTS, a fusion protein of tetR and the KRAB repressor domain of human
Kid-1 protein (Witzgall et al. 1994; Freundlieb et al. 1999) to the centromere of an
alphoidtetO-HAC to repress transcription (Nakano et al. 2008). tTS tethering results
in dramatically reduced levels of alphoidtetO transcripts and loss of H3K4me2
(Fig. 1c). As a result, H3K9me3 levels increased, suggesting heterochromatiniza-
tion of the alphoidtetO array. Additionally, centromere proteins, including CENP-A,
CENP-B, and CENP-C were greatly reduced or undetectable, leading to centromere
inactivation and the loss of nearly all HACs within 14 days. This suggests that the
CENP-A domain cannot be maintained in a heterochromatic environment com-
pletely void of transcription, which is consistent with recent reports of low levels of
transcription within endogenous human centromeres (Chan et al. 2012), as well as
neocentromeres (Saffery et al. 2003). However, whether the loss of transcription
alone or resulting structural changes in the chromatin are responsible for the
observed HAC centromere inactivation was unclear. This question was further
addressed by additional protein-tethering experiments that changed the chromatin
environment of HAC centromeres.

3.4 Chromatin State Switching on Artificial Centromeres

Directly activating and repressing transcription of the alphoidtetO centromere leads
to dramatic changes in the chromatin environment, however, the exact players
involved in this alteration and, ultimately, in centromere silencing, were unknown.
Further experiments to directly tether proteins involved in altering chromatin
accessibly have helped narrow down the mechanisms involved in centromere
silencing when levels of transcription are altered. Two candidate pathways were
investigated for involvement in HAC centromere inactivation: (1) the constitutive
heterochromatin repression pathway, which is centered on H3K9me3 histone marks
produced by Suv39H1 and transcriptional silencing through the action of HP1a
(Saksouk et al. 2015), and (2) the polycomb repression pathway, which involves the
methylation of H3K27 and subsequent recruitment of chromatin compaction and
transcriptional silencing effectors, such as Polycomb Recruitment Complex 1
(PRC1) (Simon and Kingston 2009). Using HAC-based protein-tethering approa-
ches, there is evidence for involvement of proteins and histone marks in both of
these pathways in centromere inactivation.

As described above, tTS tethering to the alphoidtetO centromere leads to hete-
rochromatinization and centromere loss, but could be accomplished by multiple
pathways. HP1a, a highly conserved protein involved in transcriptional silencing
and heterochromatin formation (Eissenberg and Elgin 2014), was first identified as a
major player involved in HAC centromere inactivation following tTS tethering
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(Nakano et al. 2008). Unlike tTA, tTS tethering leads to accumulation of HP1a at the
kinetochore. HP1a targeting to the alphoidtetO array alone induced centromere
protein loss and HAC destabilization comparable to the effects seen with tTS teth-
ering (Fig. 1c). Further evidence of the incompatibility of heterochromatin and
centromere function and a role for the constitutive heterochromatin repression
pathway in centromere inactivation comes from experiments to tether the histone
methyltransferase Suv39h1 to the alphoidtetO array (Ohzeki et al. 2012). Tethering
full-length Suv39h1 leads to an increase in H3K9me3 levels and a reduction in
loading of new CENP-A, centromere inactivation/HAC destabilization (Fig. 1c).
However, tethering a truncated version of Suv36h1 that cannot recruit HP1a
(Suv39h1SET) does not lead to centromere inactivation, despite an increase in
H3K9me3 within the alphoidtetO array (Martins et al. 2016). Together, these studies
suggested that centromere inactivation does not occur due to an increase in
H3K9me3 levels alone and may require additional downstream effectors, like HP1a.

Additional HAC tethering experiments explored the succession of events that
occurs during centromere inactivation. Tethering KAP1, a downstream effector of
tTS involved in the constitutive heterochromatin repression pathway, also led to
centromere protein loss and alphoidtetO centromere inactivation (Cardinale et al.
2009). CENP-C and CENP-H were lost more rapidly than CENP-A, suggesting that
CENP-A reduction follows the loss of other centromere proteins. These findings led
the authors to propose a model in which KAP1 recruits chromatin modifiers, like
HP1a, to destabilize CENP-C and CENP-H by weakening their binding to CENP-A
or to H3-containing nucleosomes without affecting CENP-A. Only after these
proteins are lost does dramatic CENP-A reduction occur.

A recent study has also implicated the polycomb repression pathway in cen-
tromere inactivation. The tethering of BIM1, a component of the PRC1 which is
involved in reducing chromatin accessibility and blocking transcription, leads to
reduced CENP-A and centromere inactivation at levels similar to those observed
with Suv39h1, HP1a, and KAP1 tethering (Fig. 1c) (Martins et al. 2016).
Interestingly, tethering of the upstream regulator of PRC1, EZH2, is not sufficient to
substantially reduce alphoidtetO array centromere protein levels or inactivate HAC
centromeres.

Rather than inducing a repressive pathway, centromeres can also be silenced by
the removal of H3K4me2 marks, which are interspersed with CENP-A containing
nucleosomes in endogenous centromeres (Blower et al. 2002; Sullivan and Karpen
2004). Tethering LSD-1, a lysine-specific demethylase 1 which removes methyl
groups from mono- or dimethylated H3K4 and H3K9, to the alphoidtetO array, leads
to a rapid loss of H3K4me2 levels, falling below detectable levels within 3 days
(Fig. 1d) (Bergmann et al. 2011). Additionally, transcription of the alphoidtetO array
was dramatically reduced and the centromere was unable to recruit HJURP or, as a
result, incorporate new CENP-A, leading to gradual inactivation. Interestingly, no
increase in heterochromatic chromatin marks was observed, indicating that loss of
H3K4me2 does not necessarily lead to an influx of H3K9me3, as observed in tTS
tethering. These findings suggested transcriptional memory preserved by H3K4me2
might prevent centromere inactivation.

Centromere Silencing Mechanisms 239



3.5 Induced HAC Centromere Inactivation as a Tool
in Gene Therapy and Drug Screening

HACs are promising as gene delivery and expression vectors for potential thera-
peutic gene therapy use due to their potential to hold multiple kilobases of
sequence, faithfully segregate over many cell cycles, and maintain the introduced
DNA outside of the genome, preventing issues seen with integrative gene therapy
vectors. The ability to conditionally inactivate the centromere of a HAC is also
useful because it provides the ability to transiently induce gene expression.

In order to integrate full-length genes for expression, the alphoidtetO-HAC
(Cardinale et al. 2009) was modified to contain a loxP cassette for Cre-mediated
recombination (Iida et al. 2010). As a proof of principle, an EGFP/HPRT transgene
was introduced and demonstrated to robustly and stably express EGFP protein. By
tTS tethering-mediated centromere inactivation, the HAC could be removed or
“cured”. This modified alphoidtetO-HAC was taken one step further to demonstrate
the utility of HACs with conditional centromeres as gene therapy vectors.
Introduction of HACs containing full-length human genes NBS1 and VHL, known
to be mutated in von Hippel-Lindau syndrome and Nijmegen breakage syndrome,
respectively, to human cell lines has corrected genetic deficiencies (Kim et al.
2011). These relatively large genes, 55 and 25 kb in length, were individually
inserted into the loxP alphoidtetO-HAC (Cardinale et al. 2009; Iida et al. 2010). In
both cases, the HACs were maintained in the genome without integration and the
protein of interest was expressed from the HAC. A number of physiological tests
unique for each syndrome indicated that the HAC-encoded proteins successfully
complement the genetic deficiency. Inactivation of the centromere by tTS tethering
(Cardinale et al. 2009) was used “cure” the cells of the HAC. This induced cen-
tromere inactivation is useful as a control in proof-of-principle experiments and is
also a promising tool for gene therapy treatments that require only transient protein
expression and to eliminate the concern that the protein may integrate into the
genome and lead to mutagenesis, as observed with viral vectors (Hacein-Bey-Abina
et al. 2003). Similar proof-of-principle studies using a conditional HAC for gene
delivery have expressed other, larger genes, including BRCA1 (Kononenko et al.
2014). To further improve the efficiency of HAC centromere inactivation for gene
function studies and gene therapy uses, an inducible tTAVP64 was added to the loxP
alphoidtetO-HAC (Kononenko et al. 2015). Previously described methods to cure
cells of a HAC required an additional transfection of a tTS or tTA expression
construct. By integrating a tTA containing four copies of the Herpes simplex VP16
transactivation domain (Gossen et al. 1995), transcription at the HAC can
be strongly induced by doxycycline removal, generating a conditionally
self-eliminating HAC.

HACs can also serve as a tool to efficiently identify drugs with the potential to
induce chromosome instability (CIN), leading to the loss or gain of chromosomes.
Such drugs can be used therapeutically to induce cancer cell death by elevating CIN
beyond a tolerable level (Janssen et al. 2009; Silk et al. 2013). To rapidly measure
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chromosome loss, human cell lines containing an alphoidtetO-HAC expressing
EGFP were treated with a spectrum of drugs known to induce CIN and flow
cytometry was used to measure HAC loss (observed as loss of EGFP expression) as
a readout for elevated chromosome mis-segregation (Lee et al. 2013). This
approach was further improved by alteration of the alphoidtetO-HAC to express an
EGFP-targeting shRNA and introduction into human cell lines stably expressing
EGFP. In this system, loss of the HAC is measured (Kim et al. 2016) by gain of
EGFP, as the EGFP is no longer targeted by the HAC-encoded shRNA following
an increase in CIN that leads to HAC loss. Using this system, two inhibitors of
CENP-E, a centromere-associated motor protein, and one inhibitor of CENP-F, an
outer kinetochore protein, were identified as strong inducers of CIN. The potential
for these drugs to be used to selectively kill cancer cells by centromere inactivation
represents an exciting advance in both centromere biology and cancer therapeutics.

4 Dicentric Chromosomes and Centromere Inactivation

Dicentric chromosomes are the products of genome rearrangement that place two
centromeres in proximity on the same chromosome. Dicentrics frequently form
during repair of double strand breaks (DSBs) caused during recombination or by
DNA damage, resulting in the joining of two different chromosomes or the fusion
of sister chromatids. Dicentrics were first described in maize by the cytogeneticist
McClintock (1939, 1941). They were observed to be inherently unstable, under-
going multiple rounds of anaphase breakage, bridge formation, and fusion of
broken ends (i.e., the BFB cycle), leading to significant genome reshuffling and
ongoing instability. Since then, dicentrics have been described in other model
organisms where they are also largely unstable. Dicentric chromosomes in
Drosophila melanogaster undergo mis-segregation and breakage, similar to
dicentrics in corn (Novitski 1952). These early studies did not recover the products
of dicentric segregation, lending to the conclusion that Drosophila are less tolerant
of dicentric chromosomes than other organisms. However, more recent studies have
captured the fate of experimentally produced dicentrics during Drosophila cell
division. Most of these dicentrics undergo breakage, with some broken fragments
transmitted to offspring (Ahmad and Golic 1998; Titen and Golic 2008). In the
budding yeast Saccharomyces cerevisiae, dicentric chromosomes are unstable in
both meiosis and mitosis, typically undergoing breakage-fusion-bridge cycles and
other types of instability that rearrange the genome (Haber et al. 1984; Hill and
Bloom 1989; Koshland et al. 1987; Pennaneach and Kolodner 2009). These find-
ings that built on McClintock’s original observations perpetuated the long-standing
view that most, if not all, dicentrics are unstable.

The concept of stable dicentric chromosomes was not fully appreciated until the
first description of human dicentric X chromosomes (dicX). These dicXs were
isochromosomes, formed by breakage within the X short arm followed by repair
that fused the two sister chromatids of the same chromosome. DicXs occur
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in*15% of Turner Syndrome patients. Because these patients are viable and have a
relatively normal lifespan, their dicXs were proposed to be stable due to inacti-
vation of one centromere (de la Chapelle et al. 1966; Ockey et al. 1966).
Subsequently, dicentric Robertsonian translocations (ROBs) have been identified in
humans, occurring in every 1000 individuals. Over 90% of ROBs undergo cen-
tromere inactivation, stabilizing them so that they are inherited at high frequencies
in both mitosis and meiosis (Bandyopadhyay et al. 2002; Niebuhr 1972; Sullivan
and Schwartz 1995; Sullivan et al. 1994). As a result of these human cytogenetic
findings, our early understanding of centromere inactivation came primarily from
observational studies in humans. Cytologically, inactive centromeres lack a con-
stricted appearance on metaphase chromosomes (Daniel 1979; Dewald et al. 1979;
Sullivan et al. 1994; Therman et al. 1986). Moreover, nearly all essential cen-
tromere and kinetochore proteins and chromosomal and chromatin proteins are
absent from inactive centromeres (Craig et al. 2003; Earnshaw and Migeon 1985;
Earnshaw et al. 1989; Gascoigne and Cheeseman 2013; Sullivan and Schwartz
1995; Warburton et al. 1997; Page et al. 1995). Beyond these cytological obser-
vations, testing mechanisms of centromere inactivation have proven difficult. First,
centromere inactivation was not considered to be a major mechanism of dicentric
stability in model organisms, so little attention was paid to addressing the molecular
basis in model systems. Moreover, until recently, there were no experimental
systems to produce de novo dicentric human chromosomes, making it difficult to
capture the process of inactivation in human cells where centromere inactivation is
common. In the past five years, several labs have created dicentric chromosomes de
novo in human cells, allowing the processes that regulate dicentric stabilization to
finally be studied in detail. It has been shown recently that centromere inactivation
does occur in model organisms, including maize, fission yeast, and Drosophila
(Han et al. 2006; Sato et al. 2012; Agudo et al. 2000). This finding has galvanized
the field to broadly consider mechanisms of centromere inactivation.

4.1 Experimental Models of Dicentric Chromosomes

How inactive centromeres lose centromere proteins, particularly CENP-A that
serves as the foundation of the kinetochore and imparts centromere memory, is key
to understanding how centromere silencing occurs. Experimentally produced
dicentrics in yeasts, Drosophila, and mammalian cells have been important tools for
uncovering several distinct pathways that render centromeres inactive. A variety of
dicentrics have been experimentally created in different organisms (Fig. 2). Some
are the results of induced translocations between endogenous chromosomes or
integrations of native centromeric DNA at ectopic locations (Stimpson et al. 2010;
Nakano et al. 2003; Ohzeki et al. 2016). In budding yeast, a conditional dicentric
was created by placing a second copy of the centromere of chromosome III
immediately downstream of the inducible GAL1 promoter (Hill and Bloom 1987;
Bloom et al. 1989). Fission yeast (Schizosaccharomyces pombe) and Drosophila
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dicentrics have been created by Cre-lox or FRT-FLP recombination, respectively
(Sato et al. 2012; Ahmad and Golic 1998; Hill and Golic 2015). These engineered
chromosomes are the closest physiological models of naturally occurring dicentric
chromosomes, since endogenous centromeres/native centromeric DNA are included
on the dicentrics. Other experimentally produced dicentrics have been generated by
ectopic insertion of lac operator (lacO) or tet operator (tetO) arrays into chromo-
somal arms (Chen et al. 2015; Mendiburo et al. 2011; Olszak et al. 2011; Gascoigne
and Cheeseman 2013; Ho et al. 2014; Gascoigne et al. 2011; Barnhart et al. 2011).
These lacO/tetO arrays are platforms to which specific LacI-fusion proteins can be
tethered. Although these tethering approaches have been more focused on under-
standing centromere assembly, they have offered some insight into centromere
silencing or inactivation.

4.2 Centromere Inactivation by Deletion

Studies in the budding yeast S. cerevisiae were among the first to demonstrate both
the mitotic instability and fate of dicentric chromosomes. Yeast centromeres all
contain the same structural elements CDEI, CDEII, and CDEIII (*125 bp) that are
absolutely required for proper centromere assembly and function. Some of the first
dicentrics in yeast were engineered using nonessential minichromosomes contain-
ing two 125 bp CEN regions (Koshland et al. 1987; Mann and Davis 1983; Oertel
and Mayer 1984). These dicentric minichromosomes could be stabilized by deletion
of one or both CENs or by mutations in CDEII or CDEIII so that they functioned as
monocentric structures (Koshland et al. 1987; Mann and Davis 1983). Likewise,
engineered linear dicentrics in budding yeast can be stabilized if one centromere is
deleted (Pennaneach and Kolodner 2009; Jager and Philippsen 1989; Kramer et al.
1994) (Fig. 3a), although such stabilization is often accompanied by complex
rearrangement or translocation of the chromosome.

Stable dicentric chromosomes do not naturally occur at high rates in the fission
yeast S. pombe. Those that have been produced by end fusions or via replication
fork collapse undergo anaphase bridge formation and breakage (Mohebi et al.
2015), suggesting that centromere inactivation does not occur frequently in this
organism. However, engineered dicentric chromosomes involving chromosomes I
and II were constructed using site-specific or meiotic recombination (Sato et al.
2012). Although nearly all (99%) cells containing dicentrics died, a small number
of de novo dicentrics were stably maintained. A fraction (10%) of these dicentrics
were observed to delete one centromere, suggesting that budding and fission yeast
employ similar modes of centromere inactivation (Fig. 3c).

Dicentrics in humans have not been thought to undergo centromere inactivation
by deletion because dicentrics typically maintain two arrays of alpha satellite DNA,
even when one is inactivated. However, interpretation of the results has been
complicated by the retrospective nature of the studies; the dicentrics were studied
after inactivation occurred, so it was difficult or impossible to capture the original
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genomic state of the inactivated centromere. However, dicentrics induced by
transient telomere dysfunction have permitted alpha satellite arrays involved in
dicentric fusions to be studied before and after inactivation (Stimpson et al. 2010).
These studies revealed that like budding yeast, centromere inactivation in humans
also occurs by centromeric DNA deletion (Fig. 4a), but with one notable difference.
Human centromeres form on large, multi-megabase arrays of alpha satellite DNA.
The deletions associated with inactivation only remove the portion of satellite DNA
associated with centromere proteins, resulting in alpha satellite arrays that are still

cre or FLP recombinase

S. pombe and D. melanogaster

S. cerevisiae

alpha satellite DNA
(cloned or synthetic)

LacO or tetO 
repeat arrays

K
EY

endogeneous 
centromere

loxP or FRT
cassette

transiently 
unstable
telomere

alpha satellite-
tetO arrays

GAL
promoter

destabilize

telomeres

H. sapiens

H. sapiens H. sapiens and
D. melanogaster

(a)

(b)

(c)

(d)

244 S.M. McNulty and B.A. Sullivan



present, but truncated. The deletion mechanisms achieve the same result, even
though centromeric DNA is retained in humans. This is presumably because cen-
tromeric (CENP-A-containing) chromatin encompasses the entire small point
centromere of S. cerevisiae and the entire central core of the regional S. pombe
centromere. In humans, centromeric chromatin is only assembled on a portion
(30%) of the large repetitive DNA array (Ross et al. 2016; Sullivan et al. 2011).
Thus, both small and large eukaryotes appear to undergo centromere silencing by a
common, deletion-based mechanism that achieves the same goal—removal of
CENP-A nucleosomes.

4.3 Epigenetic Mechanisms of Centromere Silencing

Despite the frequency of centromere inactivation by deletion in budding yeast and
other eukaryotes, many instances exist in which inactivated centromeres undergo no
detectable genomic changes or alterations to the DNA (Higgins et al. 2005;
Stimpson et al. 2010; Sato et al. 2012) (Fig. 4b). These observations suggest that
sequence-independent, or epigenetic, mechanisms are also involved in centromere
inactivation. Combined with the fact that inactive centromeres often differ in
morphology from active centromeres (i.e., loss of the primary constriction), chro-
matin remodeling is thought to be involved in centromere inactivation. Indeed,
studies in fission yeast, plants (Arabidopsis and maize), and mammals have con-
firmed that inactive centromeres lack CENP-A and euchromatic histone modifica-
tions (i.e., H3K9ac, H3K14ac, H3K4me2, H3K36me2) and other modifications,
such as phosphorylated H3 (PH3S10) that are found at active centromeres
(Han et al. 2009; Sato et al. 2012; Maloney et al. 2012). Instead, inactive regional
centromeres are enriched for heterochromatin-associated epigenetic marks
(H3K9me2/3 and H3K27me2/3) (Sato et al. 2012; Zhang et al. 2010; Maloney et al.
2012) (Fig. 4b). Epigenetic DNA changes, such as DNA methylation, have also

JFig. 2 Approaches to making dicentric chromosomes. a In the budding yeast S. cerevisiae,
dicentric chromosomes have been constructed by inserting a copy of endogenous CEN3
downstream of the GAL1 promoter. In other studies, lac operator (LacO) arrays have been inserted
into a chromosome arm. LacI-fusions of centromere proteins have been used to assemble a de
novo centromere at the ectopic site. b Dicentrics in S. pombe have been engineered by inserting
loxP-selectable marker cassettes at the ends of chromosomes I and II. Upon expression of Cre
recombinase, terminal fusions, leading to a dicentric chromosome, were induced. In similar
experiments, FRT site were inserted into Drosophila melanogaster chromosomes, and dicentrics
were generated after expression of FLP recombinase. c In humans, controllable destabilization of
chromosome ends has been used to temporarily deprotect telomeres, leading to chromosome
fusions and resulting in dicentric chromosomes. d Ectopic centromeres can be induced in both
humans and Drosophila. In humans, constructs containing either chimeric alpha satellite DNA-tet
operator arrays or lacO arrays alone have been randomly inserted in chromosome arms. TetR- or
LacI-fusions of centromere proteins have been driven to the ectopic sites where centromere
formation can be induced
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been observed at inactive centromeres (Fu et al. 2012; Koo et al. 2011).
Collectively these studies argue that centromere inactivation is accompanied by
more compact or distinctly packaged chromatin.

(a) (b)

(c)

deletion of one CEN GAL transcription 
inactivates CEN

deletion of one CEN
(10%)

epigenetic
inactivation
of one CEN (80%)

H3K9me2CENP-A endogenous
CEN GAL-CENH3K4me2 transcription

(1) loss of centromere proteins

(2) heterochromatinization

Fig. 3 Centromere silencing mechanisms in yeast. a Dicentric chromosomes or circular
minichromosomes (not shown) in S. cerevisiae are stabilized if one centromere is deleted. The
loss of CENP-A nucleosomes at the second centromere reduces the chromosome to a stable,
monocentric state. b Conditional dicentrics in S. cerevisiae have demonstrated that centromeric
deletion can be avoided, and centromere inactivation will occur, by driving transcription from the
GAL1 promoter. c Centromere silencing in S. pombe dicentrics occurs in two primary ways. In a
small fraction of the dicentrics, one of the centromeres of the dicentric is deleted, reducing the
chromosome to a stable monocentric state. However, in 80% of dicentrics, both centromere
regions are retained intact, but one undergoes chromatin remodeling through the loss of
centromere proteins and subsequent acquisition of heterochromatin
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Still, the important, but elusive question is what triggers epigenetic centromere
inactivation. Inactive human centromeres lack centromeric chromatin containing
CENP-A and H3K4me2 and are enriched for heterochromatic histone modifications
(Stimpson et al. 2010; Maloney et al. 2012). The experimentally engineered

H3K9me3CENP-A H3K4me2 H3K27me3
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epigenetically
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Fig. 4 Centromere inactivation in eukaryotes with large regional centromeres. a Half of dicentric
human chromosomes induced by transient telomere destabilization undergo centromere inactiva-
tion. In approximately 65% of the dicentrics, inactivation occurs by partial deletion of the
centromere. The deleted region includes the portion of alpha satellite DNA that contains
centromeric (CENP-A chromatin), leaving behind the remainder of the array that is largely
enriched for heterochromatin. b Most patient-derived and a portion of engineered dicentrics in
human cells undergo centromere silencing by epigenetic mechanisms. Inactive centromeres show
extensive chromatin remodeling, losing centromeric chromatin and centromere proteins and
adopting a heterochromatic state
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chromosome II–III dicentric fusions in S. pombe also showed loss of CENP-ACnp1,
enrichment of H3K9me2, and depletion of euchromatic modifications H3K9ac and
H3K14ac (Sato et al. 2012; Sato and Saitoh 2013). Inactive centromeres in plant are
enriched for both heterochromatic histone modifications and DNA methylation
(Han et al. 2006; Stimpson et al. 2012; Fu et al. 2012). Thus, inactive centromeres
in several different model systems share centromere protein loss and chromatin
reorganization. But, is it the loss of centromere proteins that initiate inactivation or
does chromatin remodeling prevent centromere assembly and new CENP-A load-
ing? Experiments from the S. pombe engineered dicentric model have shed light on
this question. Mutations in key kinetochore components (mis6, mis12) and chro-
matin assembly factors that license centromeric chromatin for new CENP-A
assembly (mis16) increased the number of epigenetically inactivated centromeres
up to 50-fold. Moreover, mutations in heterochromatin components did not elim-
inate epigenetic centromere inactivation, but resulted in a higher rate of centromere
reactivation. These studies indicate that loss of kinetochore proteins is an initiating
event in centromere inactivation and that heterochromatin formation is a subsequent
event that locks in the inactivated state (Fig. 3b). Indeed, a recent study of human
chromosomes containing large ectopic arrays of alpha satellite DNA revealed that
histone acetylation mediated by the histone acetyltransferase KAT7 was important
for initiating centromere assembly while SUV39H1-mediated heterochromatin
formation silenced centromere function (Ohzeki et al. 2016). Although it is still not
clear if heterochromatin alone is sufficient to silence centromeres in mammals, these
results strongly point to loss of centromere proteins and heterochromatin remod-
eling as important components of centromere inactivation.

4.4 Dicentric Chromosome Centromere Inactivation
by Transcriptional Activity

Several studies have reported that centromere assembly involves an RNA com-
ponent (Volpe et al. 2003; Carone et al. 2009; Chan et al. 2012; Du et al. 2010;
Quenet and Dalal 2014; Rosic et al. 2014; Topp et al. 2004; Wong et al. 2007;
Bouzinba-Segard et al. 2006; Catania et al. 2015) These noncoding RNAs are
thought to recruit CENP-A, establish centromeric chromatin, and/or stabilize the
interactions of CENP-C at the centromere (Du et al. 2010; Quenet and Dalal 2014;
Catania et al. 2015). From these studies, one might expect that inactivated cen-
tromeres would lack transcription. However, as previously described in Sects. 3.2
and 3.3, too much or too little transcription can functionally silence a synthetic
centromere. Similar scenarios are observed for endogenous centromeres. In the
tammar wallaby model of mammalian centromeres, increased expression of cen-
tromeric RNAs disrupts centromere protein recruitment (Carone et al. 2013).
Conversely, when centromeric RNAs in Drosophila and human cells are depleted
by RNAi, centromere assembly and function is impaired (Rosic et al. 2014;
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Quenet and Dalal 2014). From these studies, it appears that a discrete level of
transcription is important for proper centromere function. However, few studies
have focused on dicentric chromosomes to determine the relationship of tran-
scription to an inactivated centromere. The best model has been the S. cerevisiae
dicentric chromosome containing an inducible GAL1-CEN (Hill and Bloom 1987).
When GAL1 transcription was induced with galactose, the second CEN was
inactivated, suggesting that increased transcription inhibits centromere function
(Fig. 2b). However, a recent study using a Drosophila dicentric chromosome model
in which the second centromere was activated at an ectopic LacO array showed that
transcription was necessary to recruit and maintain CENP-ACID and its chaperone
CAL1 at the second centromere (Chen et al. 2015). Thus, the role of centromeric
transcription at inactive centromeres, especially on dicentric human chromosomes,
remains unclear, and future studies will be important for determining if inactivated
centromeres lack transcripts or overproduce them.

4.5 Centromere Inactivation: Permanent or Reversible?

Epigenetic changes to the genome are often reversible, depending on developmental
or cell cycle cues. In the cases of epigenetically inactivated centromeres, an open
question is if inactive centromeres are permanently inactivated or, alternatively, are
dormant and can be reactivated. Isodicentric human chromosomes containing two
functional centromeres have been shown to undergo centromere inactivation in the
presence of Trichostatin A (TSA), an inhibitor of histone deacetylases (Higgins
et al. 2005). However, inactive ectopic alpha satellite arrays can also be reactivated
in the presence of TSA (Nakano et al. 2003), suggesting that subtle changes in
chromatin state can tip a centromere toward function or silencing. Inactivated
centromeres of S. pombe dicentrics can reactivate in the absence of heterochromatin
(Sato et al. 2012). Thus, some inactive centromeres may exist in a silent, but poised
configuration, while others may be more permanently inactivated through the
maintenance of a heterochromatic state (Ohzeki et al. 2016; Sato et al. 2012). Given
that chromatin organization and transcription intersect in the formation and main-
tenance of functional centromeres, it is likely that both pathways are perturbed
during centromere inactivation. It will important for future studies to determine if
inactive “poised” centromeres have a different chromatin and transcriptional sig-
nature than permanently inactive centromeres.

5 Conclusion

In the past two decades, enormous progress has been made in defining the DNA and
protein components of eukaryotic centromeres, and the order of assembly of the
various protein networks. Centromere inactivation does not appear to be simply the
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reverse of the assembly process. In instances of centromere inactivation by deletion,
the entire centromeric chromatin platform is removed, thereby eliminating the
memory of where to load new centromere proteins. The event that triggers the
deletion event, particularly in dicentric human chromosomes, is largely unknown. Is
the centromeric deletion initiated by DSBs that occur during CENP-A loading? Or
do centromere breaks occur due to mechanical forces produced by the dicentric
twisting on the spindle and centromeres being oriented to the wrong spindle poles?
It may be difficult to pinpoint the precise breakpoints at human centromeres because
of their large size and homogeneous repetitive sequence, but the role of DSBs could
be tested using CRISPR-mediated chromosome breaks.

Although fission yeast studies indicate that kinetochore protein loss is the trigger
for epigenetic centromere inactivation, it is not known if centromeres in multicel-
lular eukaryotes are inactivated in the same way. Future studies using many of the
synthetic centromere and dicentric models discussed in this chapter would be useful
for definitively describing the temporal and molecular steps of centromere inacti-
vation. These studies will underscore similarities and differences in the process of
centromere silencing among various organisms and, more importantly, could rec-
oncile divergent data on the role of transcription and noncoding RNAs in cen-
tromere assembly and inactivation.
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Centromere Transcription: Means
and Motive

Zachary Duda, Sarah Trusiak and Rachel O’Neill

Abstract The chromosome biology field at large has benefited from studies of the
cell cycle components, protein cascades and genomic landscape that are required
for centromere identity, assembly and stable transgenerational inheritance. Research
over the past 20 years has challenged the classical descriptions of a centromere as a
stable, unmutable, and transcriptionally silent chromosome component. Instead,
based on studies from a broad range of eukaryotic species, including yeast, fungi,
plants, and animals, the centromere has been redefined as one of the more dynamic
areas of the eukaryotic genome, requiring coordination of protein complex
assembly, chromatin assembly, and transcriptional activity in a cell cycle specific
manner. What has emerged from more recent studies is the realization that the
transcription of specific types of nucleic acids is a key process in defining cen-
tromere integrity and function. To illustrate the transcriptional landscape of cen-
tromeres across eukaryotes, we focus this review on how transcripts interact with
centromere proteins, when in the cell cycle centromeric transcription occurs, and
what types of sequences are being transcribed. Utilizing data from broadly different
organisms, a picture emerges that places centromeric transcription as an integral
component of centromere function.
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1 A Centromere Refresher

1.1 Why Centromeres?

Centromeres across eukaryotic lineages range from a relatively small, “point”
within a chromosome to sprawling and complex structures that vary in size from
10’s of kilobases (KB) to 10’s of megabases (MB) (Pluta et al. 1995; Choo 1997,
and reviewed in Bayes and Malik 2008; Brown and O’Neill 2014). While the
location of the centromere as a single constriction on a chromosome is found
broadly across the major clades of eukaryotes, some eukaryotic species do not
harbor a distinct centromere; rather, there are multiple nucleating sites across
chromosome arms that act as centromeres (termed holocentricity) (reviewed in
Malik and Henikoff 2009). For example, chromosome segregation in
Caenorhabditis elegans (and other nematodes) and some insect and plant species is
mediated by sites along the entire chromosome.

The diversity in the complexity, density, and distribution of centromere forms
across species lies in contrast to the uniform requisite function for the centromere:
to serve as the site of kinetochore assembly and spindle attachment during meiosis
and mitosis. In essence, the proper functioning of centromeres is a requirement for
faithful segregation of a chromosome complement. Any failure in this function has
catastrophic consequences for the cell, such as chromosome breakage, and/or loss
and cellular breakdown (reviewed in Holland and Cleveland 2009); and, conse-
quently has devastating consequences for the organism, such as infertility, loss of
cell cycle control, and aberrant proliferation.

1.2 Why NOT Centromeres?

Despite the deep phylogenetic conservation of centromere function—to mediate
kinetochore formation and spindle attachment—the diversity of centromere forms
across species has presented a unique challenge in understanding the components
that delineate centromere functionality as well as defining the minimal required
elements for centromere integrity. For example, the “point centromeres” of the
budding yeast, Saccharomyces cerevisiae (Fishel et al. 1988), consist of a 125-bp
nucleotide sequence that supports centromere function (Meluh et al. 1998) without
the requirement for any other complex repeat structures. The centromeres of the
filamentous fungi Neurospora are 175–300 KB and harbor AT-rich, degenerate
transposons (reviewed in Smith et al. 2012) whose sequences have been ravaged by
a genome defense mechanism known as RIP (‘repeat induced point mutation’)
(Smith et al. 2011). Many plants, including maize and grasses, carry satellites and
transposons throughout their regional centromeres (Neumann et al. 2011; Gent and
Dawe 2012). Like fungi, there does not appear to be any pattern to the repeat
structure that defines the functional centromere core in most plants.
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The diversity of centromere forms is not only restricted to species-specific
genomic arrangements, as several species (e.g., orangutan, horse, chicken) carry a
chromosome complement wherein some centromeres are characterized largely by
repetitive DNA (satellites and transposable elements) while others are seemingly
devoid of a highly repetitive structure (Piras et al. 2010; Shang et al. 2010; Locke
et al. 2011). Thus, attempts to reconcile these diverse centromere forms with a
generalizable model for centromere function across traditional eukaryotic model
organisms (yeast, human, mouse, Arabidopsis, maize) have been largely unsuc-
cessful as no simple rule appears to apply to even the majority of centromere types.
Large-scale genome sequencing projects for several model species initially showed
promise in capturing the DNA landscape of regional centromeres in species with
diverse karyotypes [e.g., human (Schueler et al. 2001), Arabidopsis (Copenhaver
et al. 1999; Kumekawa et al. 2000; Hosouchi et al. 2002), rice (Yan and Jiang
2007), wallaby (Renfree et al. 2011), and gibbon (Carbone et al. 2014)]. However,
the highly repetitive nature of such centromeres, composed of expansive arrays of
simple satellites [ranging in size anywhere from only 0.2 KB to more than 28 MB
(Melters et al. 2013)] and other highly repeated sequences, such as transposable
elements, has remained a hurdle in defining genomic maps for complex, regional
centromeres. As a consequence, complex eukaryotic centromeres have, to date,
remained on the “black list” (Miga et al. 2015) of regions refractive to mapping and
assembly techniques (Altemose et al. 2014).

Emerging sequence techniques that afford long-range sequence information
(e.g., long-read sequencers capable of sequencing >100 KB of contiguous DNA,
such as PacBio and Oxford Nanopore; and, synthetic long-read sequencers such
10X Genomics) offer the potential to overcome the technical challenges of dealing
with highly repeated regions of genomes. However, the overall scale of the total
repeat regions that encompass the functional centromeres within model systems that
are subject to genome sequencing efforts is orders of magnitude greater than the
long-read sequencing capabilities and has left centromere regions in genome
assemblies without the foundation of a linear genetic map in most cases, particu-
larly human and mouse. Confounding this sequencing challenge is the sheer
number of centromeres that must be tackled for assembly within any given genome
—one per chromosome in a diploid cell—as each centromere contains a unique
genomic sequence structure.

2 Centromeric DNA: A Descriptor or Determinant?

Studies aimed at identifying the primary sequence associated with functional cen-
tromeric chromatin have revealed a lack of conservation of centromeric sequences,
even among closely related species. Thus, the genomic component of eukaryotic
centromeres is relatively rapidly evolving despite its conserved role in chromosome
segregation (Henikoff et al. 2001). A remarkable computational effort has led to the
production of graphical models of human centromere sequences (Miga et al. 2014;
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Miga 2015; Rosenbloom et al. 2015), bypassing the need for strict linear assembly
in the assessment of nascent genetic content. These “maps” do not delineate the
order of sequences within any given centromere, yet reveal the diversity of satellites
within and among centromeres, supporting earlier work demonstrating that while
satellite higher order repeats (HORs) are homogenized through processes such as
molecular drive and concerted evolution (Dover et al. 1982), some satellites are in
fact distinct amongst different chromosomes (for an example, see Miga et al. 2014).

Defying another common misconception that each chromosome has only one
location that can serve as a functional centromere, several human chromosomes
have multiple HORs that act as functional centromeric epialleles (Maloney et al.
2012). Within any given chromosome, only one of these epialleles functions as the
active centromere, raising the possibility of heterozygotes for different epialleles on
the same chromosome pair. As the quality of sequencing and gap-filling for the
human genome has increased, novel annotation workflows have also uncovered
retroelements scattered throughout active centromere regions across all human
chromosomes, within HORs and between epialleles (Miga et al. 2014; Rosenbloom
et al. 2015). Indeed, co-option of repetitive elements, including tandem duplica-
tions, may be a general aspect of centromere ontogenesis across eukaryotes (Dawe
2003; Wong and Choo 2004; Chueh et al. 2009; O’Neill and Carone 2009; Brown
and O’Neill 2010).

Most multicellular eukaryotic centromeres harbor a similar, characteristic repeat
structure highly enriched in species-specific satellites (e.g., a satellites in human
and minor satellites (miSAT) in mouse). The functional impact of these satellites
with respect to kinetochore assembly remains less clear, however, based on mul-
tiple lines of evidence. Several studies highlight that centromeric satellites are not
sufficient to form kinetochores. Placing an array of satellites in a cell is not the only
requisite to form stable artificial chromosomes in all cases (Nakano et al. 2003). In
fact, dicentric chromosomes often retain their satellite array but this array no longer
forms functional centromeric chromatin (Warburton et al. 1997). Thus, the presence
of satellite DNA alone is not the primary determinant for recruiting centromeric
histones. As both ectopic centromeres in abnormal chromosomes (e.g., mini- and
marker chromosomes, B chromosomes, neocentromeres) and newly formed cen-
tromeres that have only recently become fixed within a species (e.g., evolutionary
new centromeres, ENC) are often devoid of satellite DNA, the absence of satellite
DNA suggests such repeated DNA is also not required for centromere formation
(Lo et al. 2001a; Alonso et al. 2007; Hasson et al. 2013).

While the canonical structure of species-specific satellites, and higher order
arrays of groups of satellites, is neither sufficient nor required to facilitate cen-
tromere assembly, it is a pervasive feature among eukaryotic centromeres (Brown
and O’Neill 2014; Plohl et al. 2014). While the fact that centromeres can form and
act on genomic regions devoid of satellite DNA has lent support to the notion that
centromere identity is likely under epigenetic control (Karpen and Allshire 1997;
Henikoff et al. 2001). The contributions such types of genomic sequence have on
defining the functional capacity of centromeric chromatin assembly and evolu-
tionary stability of centromeres cannot be discounted. As exemplified in studies of
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human neocentromeres, DNA satellites alone are not required to attract centromere
proteins to ectopic centromeres (e.g., Lo et al. 2001b). In such cases, another type
of repeat found in most complex centromeres, retrotransposons, are found to bind
the defining centromeric histone, CENP-A, and define the functional centromere
(Chueh et al. 2009). These selfish entities may be the progenitors of satellite arrays
(e.g., Macas et al. 2009) that experience accretion and diminution as either
monomers or large homogenous arrays following centromere stabilization and
fixation in a population. Just as the acquisition of repeat expansions may be linked
to the ontogeny of a fixed, stable centromere within a species, the primary estab-
lishment of a new centromere may be the result of a seeding event from retroele-
ment(s) that progressively generate novel satellites (Dawe 2003; O’Neill et al.
2004; Brown and O’Neill 2010).

Despite the challenges in delineating a finite sequence demarcating centromere
functionality across species, the protein cascade that leads to faithful centromere
assembly each cell cycle is more clearly defined. The pivotal event is the loading of
the centromere specific H3, CENP-A (Fig. 1a), which occurs in late telophase/early
G1 in most organisms (Dunleavy et al. 2009) [n.b. in S. pombe, this occurs in S
phase (Dunleavy et al. 2007)]. During replication in S phase, the levels of CENP-A
are diluted to 1/2 as H3.3 is assembled into centromeric chromatin as a placeholder
(Dunleavy et al. 2011). In human, HJURP (holliday junction recognition protein)
associates with CENP-A in pre-nucleosomal complexes (Mellone et al. 2009; Foltz
et al. 2009; Dunleavy et al. 2009) and chaperones newly synthesized CENP-A to
centromeric chromatin following mitosis (telophase/early G1) (Foltz et al. 2009;
Dunleavy et al. 2009) when CENP-A loading occurs (Jansen et al. 2007). After
mitosis, new CENP-A loading is also facilitated by a priming mechanism involving
protein complexes such as hMis18 (Fujita et al. 2007) that prepares the centromeric
nucleosome for CENP-A loading (Mellone et al. 2009; Dunleavy et al. 2009).
These proteins serve as the pinnacle of the DNA-chromatin interface, yet many
other proteins are involved in the coordinated assembly of the kinetochore
(described in Parts I and IV of this book).

3 Active Transcription at Centromeres—Breaking Down
Common Myths and Legends

Challenging another classical description of a eukaryotic centromere as a
heterochromatin-rich and transcriptionally inactive region, centromeres are in fact
characterized by a complex suite of different chromatin marks supporting active
transcription and the production of centromeric noncoding RNAs required for
proper centromere formation and function (Wong et al. 2007; Carone et al. 2009,
2013; Ting et al. 2011; Hall et al. 2012; Quenet and Dalal 2014). The chromatin
encompassing the centromere core, referred to as “centrochromatin”, is distinct
from that of pericentromeres and contains histone modifications associated with

Centromere Transcription: Means and Motive 261



transcriptionally active chromatin (Sullivan and Karpen 2004; Eymery et al. 2009;
Gopalakrishnan et al. 2009; Bergmann et al. 2011, 2012). CENP-A nucleosomes
within centrochromatin are interspersed with modified histones, histone H3
methylation, and dimethylation of lysine 4 and di- and trimethylation of lysine 36 of
histone H3 (H3K4me1, H3K4me2, H3K36me2, and H3K36me3). These modified
histones are not only permissive to transcription, but differentiate centrochromatin
from its neighboring pericentromere, a region that, while also characterized by a
high density of repeats, is defined by histone modifications typically associated with
transcriptional silencing [(Gopalakrishnan et al. 2009; Roadmap Epigenomics et al.
2015): di- and trimethylation of lysine residues 9 and 27 of histone H3 (H3K9me2,
H3K9me3,H3K27me2, and H3K27me3)].

Despite the remarkably different chromatin environments that define the peri-
and centromere, active transcription has been detected from both regions in many
organisms (Carone et al. 2009; Ugarkovic 2005; Eymery et al. 2009; Brown et al.
2012; Gent and Dawe 2012; Hall et al. 2012; Biscotti et al. 2015; Koo et al. 2016;
Rosic and Erhardt 2016). Moreover, a clear balance in transcriptional output from
each region is required to maintain chromosome stability (Hall et al. 2012). The
types of sequences found to produce transcripts within centromeres includes the
same sequences represented in the genomic foundation of a centromere: satellites,
retroelements and in some cases active genes located within the boundaries of
centrochromatin (e.g., Nagaki et al. 2004).

While prevalent in complex eukaryotic centromeres, the importance of these
retroelement and satellite-derived transcripts to centromere function is only recently
becoming apparent; chromosome missegregation has been associated with aberrant
centromere transcription in animals and satellite RNA has been implicated in the
assembly of centromere components CENP-A and -C, in Drosophila, plants, mouse
and human (Mejía 2002; Bergmann et al. 2011; Ting et al. 2011; Carone et al. 2013;
Quenet and Dalal 2014; Leung et al. 2015).

4 Genome Engineering to Tease Apart the Transcriptional
Framework of the Centromere

Advances in techniques that allow manipulation of DNA and its nascent chromatin
have been used synergistically to create and modify artificial centromere constructs
within living cells. For example, alpha satellite arrays from human have been
isolated and, when placed in HT1080 cells, form functional human artificial
chromosomes (HACs) (Harrington et al. 1997; Ikeno et al. 1998; Grimes and
Monaco 2005; Lam et al. 2006; Maloney et al. 2012). Focused studies of HACs
have shown that active transcription at the centromere is essential to their stable
propagation (Okamoto et al. 2007; Nakano et al. 2008; Bergmann et al. 2011, 2012;
Molina et al. 2016). DNA constructs that form stable HACs incorporate selectable
marker genes (i.e., neo and bsr) under strong, constitutive promoters juxtaposed to

262 Z. Duda et al.



the alphoid arrays. The ability of the resulting HAC to assemble a functional
kinetochore and survive cell division was found to be reliant not only on the overall
number of satellites but also on the transcriptional activity of these marker genes
(Okamoto et al. 2007).

Human artificial chromosomes modified to carry tetO transcriptional regulatory
sequences within alphoid arrays were manipulated to increase or decrease tran-
scriptional output in attempts to define the activity for proper centromere function
(Nakano et al. 2008). Switching off transcription from the tetO dramatically
diminished propagation of the HACs, but upregulating transcription with tet acti-
vators had a similar effect, indicating a balanced level of transcription is a requisite
for proper centromere function. Further modifications of HACs by tethering a
lysine-specific demethylase (LSD1) to alphoid arrays showed that depletion of
H3K4me2 from HAC centromeric chromatin results in a loss of satellite tran-
scription and concomitant reduction in local assembly of newly synthesized
CENP-A (Bergmann et al. 2011). HACs targeted to increase H3K9 acetylation, a
mark permissive to transcription, showed no effect on kinetochore formation
despite such a dramatic change in chromatin state. However, when this chromatin
change is coupled with a dramatic increase in transcription, rapid centromere
inactivation through loss of CENP-A loading results (Bergmann et al. 2012).

Recently, a study using an inducible ectopic centromere system in Drosophila
showed that CENP-A assembly by the Drosophila CENP-A chaperone, CAL1,
requires RNA pol II mediated transcription of nascent DNA (Chen et al. 2015). In
this ectopic centromere system, transcription is mediated by CAL1’s binding
partner, the chromatin remodeling complex FACT (facilitates chromatin tran-
scription) and targets an artificial array of lacO sequences, indicating that the
passage of RNA polymerase is required for CENP-A chromatin establishment
rather than sequence-specific transcripts (Chen et al. 2015). A study of the primary
centromere core sequence in S. pombe necessary and sufficient for CENP-A
assembly was conducted wherein the core sequence was shuffled to create a de
novo sequence with the same AT content and nucleosome positioning (Catania
et al. 2015). This new construct was not able to effectively establish CENP-A
chromatin, indicating some sequence features are required for centromere integrity.
Notably, the core sequence is actively transcribed via multiple putative transcription
start sites, implicating its ability to facilitate transcription (albeit stalled transcrip-
tion, see below) as a defining feature of this centromere-competent sequence
(Catania et al. 2015). As demonstrated by these studies, centromere integrity
requires tight control of centromere transcription, suggesting that centromeric DNA
sequence identity may not be an absolute requirement, but the ability to facilitate
transcription and act as a fundamentally stable and immutable regulatory element(s)
is needed.
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5 The “How?” of Centromeric RNA: Centromere
Transcripts and Protein Interactions

Centromeric RNAs have been hypothesized to perform diverse functions, including
establishing and maintaining pericentromeric heterochromatin and recruiting
kinetochore proteins to the centrochromatin core. Recent studies have focused on
the transcription of the most prevalent centromeric sequence, satellites, with respect
to centromere function, however, the identity and functional roles of satellite
transcripts in diverse organisms have not been fully elucidated. Several recent
studies highlighted below further support the growing evidence that transcription is
an integral part of the centromere chromatin assembly cascade; how, when, and
what types of transcripts impact centromere assembly are emerging areas of focus in
the centromere biology field.

As the centromere is a tightly regulated network of protein and nucleic acid
interactions, noncoding transcripts may only directly interact with a subset of this
multi-protein network and yet, indirectly impact the function of many centromere
and kinetochore proteins when these transcripts are mis-regulated. CENP-C,
CENP-A, HJURP, and certain members of the chromosomal passenger complex
(CPC) have been implicated as the centromere proteins that directly associate with,
or bind to, noncoding RNAs (Wong et al. 2007; Ferri et al. 2009; Du et al. 2010;
Carone et al. 2013; Quenet and Dalal 2014; Rosic et al. 2014; Blower 2016).

CENP-A: The first indication that CENP-A can interact with noncoding RNA
was discovered in a human neocentromere; LINE-1 elements within the CENP-A
binding region of a neocentromere on 10q25 are actively transcribed into a non-
coding RNA that incorporates with CENP-A chromatin (Chueh et al. 2009). While
less evidence exists for a direct association of centromeric RNA and CENP-A or
HJURP, aberrant expression of these transcripts distinctly perturbs CENP-A local-
ization and loading (Fig. 2). For example, overexpression of noncoding RNA from
the centromeric retrotransposon KERV in tammar wallaby disrupts proper CENP-A
loading into centromeres in late telophase (Carone et al. 2013). A recent study in
human showed a more direct contact between CENP-A and RNA when an alpha
satellite related RNA sequence was pulled down with the soluble CENP-A/HJURP
complex using RNA immunoprecipitation (RIP) (Quenet and Dalal 2014). While
this specific noncoding RNA sequence does not match the alpha satellite consensus,
nor any other alpha satellite higher order repeat sequence, and any known repeated
elements in the assembled or unassembled contigs of the human genome, DNA FISH
showed it may reside in only a subset of chromosomes in the human karyotype
(Quenet and Dalal 2014). Quenet and Dalal (2014) complemented their study with an
in-silico prediction of potential RNA binding sites in CENP-A and HJURP, finding
that 79 out of 140 residues in CENP-A and 286 out of 748 residues in HJURP had a
capacity for RNA binding. Intriguingly, the entirety of the CENP-A N-terminal tail
was predicted to carry RNA-binding capacity (Quenet and Dalal 2014) (Fig. 1a).
CENP-A’s N-terminal tail is the most rapidly evolving portion of CENP-A
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(Henikoff et al. 2001; Malik and Henikoff 2001), and while it is known to be required
for CENP-A stabilization at the centromere (Logsdon et al. 2015), its exact function
remains elusive. Given a putative role in RNA interaction, it is possible the vast
differences in amino acid sequence and overall length of the N-terminal region
among species (Henikoff et al. 2001) could be to enable permissive interaction with a
variety of transcripts that emanate from the rapidly evolving, underlying DNA.

CENP-C: CENP-C contains an experimentally validated, distinct RNA binding
domain (Wong et al. 2007; Du et al. 2010) (Fig. 1b). Interestingly, the RNA binding
domain of CENP-C shares homology to the RNA binding hinge domain region of
the pericentromeric heterochromatin proteins HP1 alpha, beta, and gamma
(Muchardt et al. 2002; Du et al. 2010). In human, CENP-C associates with
single-stranded (ss) alpha satellite transcripts both in vitro and in vivo, and is lost
from centromeres upon alpha satellite depletion along with the CPC proteins,
INCENP and Survivin (Wong et al. 2007). DNA binding of maize CENP-C is
stabilized by a ssRNA in vitro, although this stabilization appears to be independent
of the ssRNA sequence (Du et al. 2010) (Fig. 2). This permissive binding in maize
is in contrast to human CENP-C that showed a preferential association with alpha
satellite ssRNA in competition assays with tRNA, rRNA, and mouse pericentric
satellite (Wong et al. 2007). In Drosophila, the X chromosome specific satellite,
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Fig. 1 RNA binding domains of CENP-A and CENP-C. a Linear depiction of the complete
CENP-A protein domain structure (Regnier et al. 2003) with amino acids that comprise each
domain shown underneath. Amino acids in green were computationally predicted to have an RNA
binding capability by Quenet and Dalal (2014). Most of the potential RNA interaction capability
lies in the N-terminal tail region [a Alpha helix, L Loop region, CATD Centromere targeting
domain (Black et al. 2004), CCBD CENP-C binding domain (Carroll et al. 2010)]. b Linear
depiction of the CENP-C protein. The RNA binding domain experimentally validated by Wong
et al. (2007) is located between amino acids 422 and 551, the sequence of which is shown below.
Amino acids in green are most critical to RNA binding (Wong et al. 2007). The RNA binding
domain of CENP-C overlaps with both the DNA binding domain (aqua) and the CATD (gray).
Note that Wong et al. (2007) also found evidence for a second RNA binding domain between 552
and 943, but did not isolate the exact region. [DNA binding domain (Yang et al. 1996; Sugimoto
et al. 1997; Cohen et al. 2008; Schueler et al. 2010), CATD (Yang et al. 1996), Dimerization
domain (Sugimoto et al. 1997), CABD CENP-A binding domain (Trazzi et al. 2009)]
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SAT III, is actively transcribed into long noncoding transcripts that localize to
centromeres and associate with CENP-C (Rosic et al. 2014) (Fig. 2). Upon CENP-C
depletion, SAT III RNA signal is greatly reduced at centromeres, implying a similar
interaction between CENP-C and RNA in Drosophila, as in human and maize.
When depleting SAT III RNA levels, both newly synthesized CENP-C and
CENP-A showed a reduction in centromeric signal that was also observed to cas-
cade up through the kinetochore proteins (Rosic et al. 2014). SAT III-depleted cells
also suffered errors in mitosis, including lagging chromosomes and micronuclei

Fig. 2 Cell cycle variation of centromere transcription. Overview of when in the cell cycle
centromeric transcripts have been identified in different model species in relation to critical
assembly events defining centromere integrity. The cell cycle is indicated (color). Top The type of
transcript for each species [from top, human (Wong et al. 2007; Chueh et al. 2009; Quenet and
Dalal 2014), wallaby (Carone et al. 2013), plants (Topp et al. 2004; Koo et al. 2016), and reviewed
in Gent and Dawe (2012), Drosophila (Rosic et al. 2014), frog (Blower 2016), mouse (Lu and
Gilbert 2007; Ferri et al. 2009), yeast (Chen et al. 2008; Choi et al. 2011; Catania et al. 2015)] is
indicated. Below the dashed line are the transcripts where the timing of transcription is known.
A thinner bar represents a lower level of transcription while a thicker bar represents a higher level.
Gray lines (above the dashed line) indicate that while transcripts have been identified, it is not
known when in the cell cycle transcription is initiated. Above each line are the protein associations
known for transcripts. Bottom The timing of protein cascade components relative to the cell cycle.
Black bar indicates constitutive association with the centromere (FACT, RNA Pol II). Relevant
timing of loading of the H3.3 placeholder, CPC recruitment and CENP-A loading components are
indicated. Specific CENP-A assembly times are indicated for each group of species
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formation; notably, all chromosomes were susceptible to mitotic defects, indicating
that SAT III RNAs, despite originating from the X chromosome, can act in trans to
target the autosomes (Rosic et al. 2014). Lagging chromosomes with reduced
CENP-C signal were also prevalent in human cells after RNA pol II inhibition
(Chan et al. 2012).

The CPC: Ostensibly, a single centromeric noncoding transcript does not have to
bind to just a single protein. When considering the fact that CENP-A assembly is
facilitated by a chaperone, HJURP, and that CENP-A and CENP-C are both required
for centromere integrity, it is probable that these transcripts contact multiple proteins
that are associated with one another. Such RNA interactions may even serve to tether
protein complexes together, or to scaffold these complexes to other components of
the surrounding chromatin environment. The multi-protein interaction between
Aurora-B, Dasra-a/Borealin, Survivin, and Incenp composes the CPC. The CPC aids
in mitosis as a phosphorylating agent at chromosome arms, the inner centromere,
and mitotic spindles (reviewed in (Carmena et al. 2012). While at the inner cen-
tromere, the CPC plays a key role in bipolar spindle attachment by acting as a
“sensor” of connection between the centromere and the spindle (Lampson and
Cheeseman 2011). Both cen-RNAs and spindle-enriched RNAs are known to
congregate with the CPC (Ferri et al. 2009; Ideue et al. 2014; Jambhekar et al. 2014)
(Fig. 2). In fact, there is direct binding of RNA to the CPC and this interaction is
responsible for inner centromere localization (Jambhekar et al. 2014; Blower 2016),
and is required for CPC activation (Blower 2016). Despite the fact that multiple
proteins form the CPC, Ferri et al. (2009) showed that miSAT transcripts in mouse
are a key partner with CPC proteins Aurora-B, INCENP and Survivin at the onset of
mitosis. In Xenopus extracts, however, RNA binding was identified that is required
for CPC localization, but this binding is specific only to the proteins Aurora-B and
Dasra-A, and not INCENP, Survivin, and XMAP215 (Blower 2016).

In Xenopus, among the Aurora-B binding RNAs is a *170 nt centromeric
transcript (fcr1, frog centromeric repeat1) that, similar to the sat III RNA in
Drosophila (Rosic et al. 2014), is only found on a subset of CENP-A defined
centromeres within the karyotype (Edwards and Murray 2005). The active tran-
scription of fcr1 is required for Aurora-B localization to the inner centromere of
mitotic chromosomes and may act initially on the fcr-1-native chromosomes before
diffusing to other centromeres (Blower 2016) (Fig. 2).

6 The “When?” of Centromere Transcription: It is
an Around the Clock Job

The emergence of studies on RNA, transcription, and centromere function since the
pivotal studies in yeast (Volpe et al. 2003), plants (Topp et al. 2004) and human
neocentromeres (Wong et al. 2007) has led to accumulating evidence that tran-
scription is a requirement for centromere function and cell stability. However, the

Centromere Transcription: Means and Motive 267



timing of this transcription and a delineation of whether specific transcript
sequences, or simply the act of transcription itself, are required for centromere
integrity are not known. Studies in several model systems have begun to highlight
the intricacies of transcriptional events at the centromere throughout the cell cycle,
with a particular emphasis on mitotic transcription (Fig. 2).

Cell Cycle Phase G1: Late telophase/early G1 is the pivotal time in mammalian
cells when CENP-A is actively loaded into centromeric chromatin. Thus, the impact
of active transcription at this point in the cell cycle may have direct bearing on the
ability of CENP-A to assemble functional centromeric chromatin. The 1.3 KB
human centromeric transcript described above (Quenet and Dalal 2014) is tran-
scribed by RNA pol II from late telophase into early G1, coincident with the timing
of CENP-A deposition by its chaperone HJURP (Fig. 2). This RNA transcript was
found to interact with these proteins, suggesting its capacity to aid in CENP-A
nucleosome assembly. The transcription of one of two groups of transcripts that
emanate from mouse pericentromeric gamma satellites was detected in late G1 and
proceeded through mid-S phase (Lu and Gilbert 2007) (Fig. 2). This species of
RNA did not show a discrete size range and transcription of this species decreased
at a time coincident with the replication of pericentric heterochromatin. This RNA
class is a large, heterogeneous group of gamma satellite transcripts whose tran-
scriptional timing may simply be the result of cryptic transcription (Lu and Gilbert
2007). However, given that the appearance of these satellite transcripts is CDK
(cyclin dependent kinase)-dependent, and thus is only in cells committed to pro-
liferation, the transcripts may be required for heterochromatin reassembly at the
replication fork (Lu and Gilbert 2007).

Cell Cycle Phase S and G2: Double-stranded RNAs are actively transcribed
from the pericentric repeats dh and dg from within the centromeres of the yeast,
Shizosaccharomyces pombe, and are subsequently processed into small interfering
RNAs (siRNAs) (Volpe et al. 2002, 2003). These siRNAs are bound to a complex
of proteins (the RNA-induced initiation of transcriptional gene silencing, RITS) and
result in targeted H3 lysine-9 methylation through RNA interference (Volpe et al.
2002, 2003). Moreover, the disruption of RNAi components compromises hete-
rochromatin assembly (Volpe et al. 2002) and CENP-A deposition (Folco et al.
2008), linking a small RNA component to centromere function.

The forward strand of centromeric repeats is transcribed in S phase in S. pombe,
thought to be the major initiating point for siRNA production (Chen et al. 2008).
siRNA levels are stably detected throughout the cell cycle but increased in S/G2,
coincident with RITS complex accumulation and transcript processing (Fig. 2).
Similar to that proposed for gamma satellites in mouse, these transcripts may be the
result of cryptic or spurious transcription yet are required for the appropriate
establishment of heterochromatin (Chen et al. 2008).

While active CENP-A loading occurs in late telophase/early G1 in mammals,
H3.3 is loaded into centrochromatin during S phase, likely as a placeholder for
CENP-A replenishment after mitosis (Dunleavy et al. 2011). Thus, transcription
could be involved in the eviction of the placeholder (Catania et al. 2015; Chen et al.
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2015; Chen and Mellone 2016). A recent study in S. pombe showed that RNA pol II
stalls at centromeric DNA and that the level of stalling is directly related to the level
of subsequent CENP-A nucleosome assembly. In this yeast species, CENP-A
assembly occurs in S phase and G2 (Takahashi et al. 2005; Dunleavy et al. 2007;
Takayama et al. 2008); an increase in RNA pol II stalling, and concomitantly
permissive but “low-quality” transcription, may lead to increased CENP-A chro-
matin through either increased eviction rates for placeholder H3 or through
demarcation of a specific environment conducive to efficient CENP-A assembly
(Catania et al. 2015).

The timing of detectable increases in RNAPII stalling in S phase is coincident
with DNA replication. Centromere transcription at this phase of the cell cycle
[forward strands in S. pombe (Chen et al. 2008) and pericentromeric satellites in
mouse (Lu and Gilbert 2007)] may position replication forks and RNA pol II to
collide more often, increasing the rate of RNA pol II stalling (reviewed in Brown
et al. 2012). RNA pol II stalling and collisions subsequently increase the generation
of large, stable R-loop formation (Reddy et al. 2011). While the RNA–DNA
hybrids present in R-loops are typically small and transient, it is notable that the
transcriptional framework of the centromere may present an increase in stable
R-loops in S phase since increases in R-loops are linked to phosphorylation of
H3S10, a marker of subsequent entry into mitosis (M phase) (Castellano-Pozo et al.
2013; Oestergaard and Lisby 2016). Chen et al (2015) showed that FACT is
required for CENP-A assembly and FACT has been previously shown to both
travel in a complex with the CENP-A chaperone (Foltz et al. 2006) and localize to
centromeres throughout the cell cycle (Okada et al. 2009). The presence of FACT at
centromeres and in complex with key centromere assembly components supports
hypotheses that FACT is an essential part of the chromatin remodeling involved in
facilitating CENP-A nucleosome assembly. For example, FACT may be required to
destabilize nucleosomes (Hondele and Ladurner 2013) and subsequently facilitate
the transcription of centromere sequences preceding assembly of new CENP-A
nucleosomes (Chen et al. 2015; Chen and Mellone 2016). Recently, FACT was
found to bind the inner kinetochore proteins of the CENP-T/W complex and thus
may promote the CENP-T/W deposition at centromeres (Prendergast et al. 2016). In
fungi it appears that FACT is necessary to prevent spurious, ectopic incorporation
of CENP-A rather than performing a function in primary CENP-A assembly at the
centromere (Deyter and Biggins 2014). FACT is known to solve R-loop and
replication mediated conflicts in both human and yeast (Herrera-Moyano et al.
2014). Furthermore, low levels of central core transcripts are detected in yeast cells
due to an increase in RNA pol II stalling (Catania et al. 2015). We thus propose that
FACT may also be present at centromeres to resolve the resulting R-loops prior to
progression into mitosis. The multiple, possible roles for FACT in CENP-A
assembly are not mutually exclusive, rather are an example of the dynamic state of
the centromere during different phases of the cell cycle.

Cell Cycle Phase Mitosis: Whether or not centromeric transcription occurs
during mitosis has been hotly debated since the majority of transcription factors and
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RNA polymerases are not associated with chromosomes during mitosis (Gottesfeld
and Forbes 1997). However, several pieces of evidence suggest centromeric tran-
scription occurs during M phase of the cell cycle (Liu 2016), indicating persistent
transcription during mitosis may serve to further distinguish the centromere from
chromosome arms. First, RNA pol II is present at kinetochores in M phase (Chan
et al. 2012). Second, transcription run-on assays have shown that RNA pol II is
capable of transcribing centromeres of mitotic chromosomes (Liu 2016). Third,
inhibition of RNA pol II by alpha-amanitin reduces centromeric cohesion and
CENP-C localization (Chan et al. 2012; Liu et al. 2015). The defective cohesion
following RNA polymerase inhibition was caused by a mislocalization of Sgo1, a
protein found at the inner centromere that protects cohesin during mitosis (Liu et al.
2015). Collectively, these data suggest that transcription and/or the transcripts
themselves may play a functional role in a time-specific manner (i.e., restricted to
specific phases of the cell cycle).

A long noncoding RNA was recently identified as actively transcribed from the
centromeres ofXenopus egg extracts duringmitosis; moreover, these transcripts serve
a functional role via binding Aurora-B, a component of the CPC, and are required for
normal kinetochore-centromere attachment (Blower 2016). Xenopus egg extracts
have also led to the discovery that RNA processing assists in kinetochore and spindle
assembly (Grenfell et al. 2016); inhibition of the spliceosome in egg extracts leads to
an accumulation of long centromeric transcripts and a failure to efficiently recruit
CENP-A,CENP-C andNDC80.What this study shows is that transcription is not only
active duringmitosis, further supporting the growing body of evidence indicating this
occurs, but that transcripts undergo processing during this phase, contradicting the
theory that RNA processing is repressed during mitosis (Shin and Manley 2002).

Centromere transcript processing is a recurring theme observed for a broad set of
centromere transcripts, although the relationship of the processing machinery and/or
processed RNA products to centromere integrity is less clear (with the notable
exception of S. pombe, see above). Early work in mouse cells showed that a loss of
DICER activity, the RNAse III enzyme that facilitates small RNA processing,
results in an accumulation of larger satellite transcripts (Kanellopoulou et al. 2005).
This finding implies that when DICER is available, these larger satellite transcripts
are not detected as they are processed into smaller RNAs. The implication that
DICER is involved in this RNA processing would also indicate these small RNAs
are <40 nt based on the catalytic activity of the enzyme (MacRae et al. 2007). Other
sizes of centromeric RNAs have been uncovered that are likely independent of
DICER. For example, small RNAs have been detected for the maize centromere
satellite CentC (Du et al. 2010) and from the wallaby centromeric retroelement
KERV (Carone et al. 2009). Both of these small RNAs were also found to par-
ticipate in the centromere assembly cascade: CentC associated with CENP-C
directly (Du et al. 2010); a reduction in KERV small RNAs resulted in a loss of
CENP-A assembly in late telophase (Carone et al. 2013) (Fig. 2). However, any
connection between these types of processed, small RNA transcripts and the nec-
essary RNA processing machinery observed in Xenopus is unexplored; likewise the
timing of transcription for these processed RNAs is currently unknown.
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7 Conclusion

Mounting evidence suggests that RNA species and the act of transcription itself is
required for the recruitment and/or establishment of centromere and kinetochore
proteins. Thus, it is clear that transcription at the centromere, and in neighboring
pericentromeric heterochromatin, is functionally distinct yet critical throughout the
entirety of the cell cycle. Studies are now beginning to reveal that centromeric
transcripts and accompanying chromatin changes are required for different com-
ponents of the centromere assembly cascade at different points in the cell cycle.
Over the last decade, RNA species derived from the centromeric regions of many
model species have been uncovered, as have some of their interacting partners.
Closer examination of these transcripts, and indeed of the subregions of the cen-
tromere previously considered devoid of transcriptional activity, has made it clear
that both the act of transcription itself and the resulting transcripts are critical to
ensuring proper CENP-A assembly and faithful chromosome segregation. In the
same manner that the comparative approach revealed that centromeres evolve
rapidly and are established through an epigenetic framework, the use of diverse
eukaryotic systems will afford the development of a model to describe key
remaining questions, such as: how do specific transcripts mediate centromere
function in cis and/or in trans? is splicing or RNA processing a requisite in forming
functional transcripts across different cell cycles and among different species? and,
how does this transcriptional landscape impact centromere evolution in both a
phylogenetic and disease context? In fact, one of the reasons the myth of the
centromere as “silent chromatin” prevailed for so long is that centromere transcripts
have been difficult to capture and characterize. As highlighted herein, it is the very
reason these transcripts are difficult to capture (e.g., RNA pol II stalling, RNA
processing, protein-RNA binding) that holds the key to how centromere tran-
scription, and their transcripts, likely function in maintaining centromere integrity.
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Part III
The Role of DNA Sequence in

Centromere Identity and Function



The Promises and Challenges of Genomic
Studies of Human Centromeres

Karen H. Miga

Abstract Human centromeres are genomic regions that act as sites of kinetochore
assembly to ensure proper chromosome segregation during mitosis and meiosis.
Although the biological importance of centromeres in genome stability, and ulti-
mately, cell viability are well understood, the complete sequence content and
organization in these multi-megabase-sized regions remains unknown. The lack of a
high-resolution reference assembly inhibits standard bioinformatics protocols, and
as a result, sequence-based studies involving human centromeres lag far behind the
advances made for the non-repetitive sequences in the human genome. In this
chapter, I introduce what is known about the genomic organization in the highly
repetitive regions spanning human centromeres, and discuss the challenges these
sequences pose for assembly, alignment, and data interpretation. Overcoming these
obstacles is expected to issue a new era for centromere genomics, which will offer
new discoveries in basic cell biology and human biomedical research.

1 Introduction

Our understanding of the human genome remains incomplete, with an estimated
*10% of bases, representing highly repetitive sequences spanning centromeres and
the acrocentric short arms, that are omitted from genome-wide studies of cellular
function and human health (Eichler et al. 2004). The lack of sequence description
for the millions of bases in each centromere-assigned assembly gap has barred
studies aimed to better understand the influence of the underlying genomic structure
on proper establishment and maintenance of inner kinetochore proteins. Progress in
long-read sequencing technologies and avant-garde computational strategies enable
high-resolution genomic studies to advance in these uncharted regions of the human
genome (English et al. 2012; Jain et al. 2015; Miga et al. 2014). In spite of the
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implicit challenges, the promise of human centromere genomics is expected to lead
to breakthroughs in our understanding of genome biology, stability, and evolution.
In this chapter, I describe those sequences that are expected to be in the “dark side”,
or centromere and heterochromatin-assigned gaps, of the human reference assem-
blies and discuss efforts to incorporate these regions into high-throughput
sequence-based analyses. These advancements are expected to enable functional
characterization of human centromeres, thereby, focusing studies on how cen-
tromeric sequence structure contributes to our understanding of chromosome
biology and human disease.

2 The Dark Side of the Human Genome: A Genomic
Model for Centromeres

Expansive satellite arrays, recent transposon insertions, and enrichment of seg-
mentally duplicated sequences define the millions of bases that encompass each
human centromeric region (Rudd and Willard 2004; She et al. 2004; Eichler et al.
2004). Previous experimental efforts aimed to characterize repeat abundance and
organization in these regions have issued a general genomic model to guide cen-
tromere studies (Hayden 2012; Rudd et al. 2003). Here, I discuss what is generally
known about repeat classes and long-range sequence organization in human cen-
tromeric regions and how this genomic structure may influence centromere identity
and function.

2.1 Alpha Satellite DNA Repeat Organization

Human centromeric regions are marked by the enrichment of a primate-specific
AT-rich tandem repeat, known as alpha satellite (Manuelidis and Wu 1978;
Manuelidis 1976). Individual alpha satellite repeats are defined by a fundamental
*171 bp unit, or monomer, that offers substantial sequence diversity between
copies compared genome-wide (Waye and Willard 1987; Alexandrov et al. 2001;
Choo et al. 1991). This intrinsic divergence has enabled experimental studies to
characterize local monomer organization within each centromeric region. Alpha
satellite DNAs are commonly organized into large, often megabase-sized, arrays
(Wevrick and Willard 1989). Each array is defined by a highly represented higher
order repeat (HOR) structure, or a repeating unit composed of a collection of
divergent alpha satellite monomers (illustrated in Fig. 1) (Willard and Waye 1987).
The monomer composition within each repeat unit varies between distinct arrays,
enabling array sequence characterization to take place in a chromosome-specific
manner (Willard and Waye 1987; Willard 1985; Alexandrov et al. 1993).
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Efforts to characterize and map HOR repeats revealed that human centromeric
regions were commonly defined by the presence of one or more array (Wevrick and
Willard 1991; Alexandrov et al. 2001; Vissel and Choo 1991; Rudd et al. 2006).
Each array is composed of hundreds, if not thousands, of copies of a given HOR in
tandem (Wevrick and Willard 1989). In contrast to the sequence divergence
observed between alpha satellite monomer genome-wide, HORs within a single
array are almost entirely identical to one another with only a few sites of sequence
variation. Individual arrays are observed to expand and contract in length via
unequal crossing-over and/or conversion, and as a consequence, sites of sequence
variation are observed to change expand and contract within regional domains
(Warburton et al. 1992) (Fig. 2a). This genomic organization results in an array
composed of rapidly evolving domains, whereas repeat variants are expected to
fluctuate in array position and frequency, introducing a novel source of sequence
variation in the human population (Oakey and Tyler-Smith 1990; Warburton et al.
1991). Indeed, arrays on haploid human chromosomes X and Y demonstrated a
tenfold difference in satellite DNA array lengths and classified satellite sequence
variants enriched in individuals from distinct populations (Miga et al. 2014)
(Fig. 2b).

Fig. 1 Genomic model of sequences spanning sites of human centromeres. Human centromeric
regions are predominantly defined by one or more multi-megabase-sized HOR arrays of alpha
satellite (indicated here as a single array in red). HORs in this example array are composed of six
highly divergent monomers (red through purple), yet sequence alignments (indicated by gray
boxes) between adjacent HORs reveal that they are 95–100% identical. HOR arrays are highly
homogenized with few sites of sequence variation, HOR structural rearrangement, inversion,
and/or sites of transposable element insertions, shown here as lollipop diagrams with different
colors representing different repeat classes. Monomeric alpha satellite DNA, blocks of gray, are
commonly found directly adjacent to a HOR array. Unlike HORs, monomeric arrays represent
ordered head-to-tail copies of the highly divergent 171 bp fundament repeat unit with limited local
sequence homology (shown in the example box below to be *60–80%) or multi-monomeric
structure. Segmental duplications are enriched in centric transition regions (indicated as a tan box
labeled “S.D.”). Additionally, on a subset of chromosomes additional pericentromeric satellite
families are found adjacent to alpha satellite sequences (shown here as blue tandem repeats)
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Sequence-based studies between distinct HOR arrays in the human genome
support the hypothesis that sequence conversion rates are higher within a single
array than between two distinct arrays, even when found on the same chromosome
(Warburton and Willard 1995). High stringency fluorescence in situ hybridization
(FISH) conditions are useful in mapping individual HOR arrays to a single chro-
mosome (Willard 1985). In contrast, under low stringency conditions, subsets of
HOR arrays are observed to cross-hybridize, establishing a metric of inter-array
relatedness of five suprachromosomal satellite subfamilies (Alexandrov et al. 1993,

Fig. 2 Array evolution and length variation. HOR arrays vary in the proportion of HOR variants
and overall array length in the population, as well as between homologous chromosomes in a
single individual (shown in a, for example, DXZ1 arrays present on homologous X chromosomes).
HOR variants, depicted as purple circles, are expected to expand and contract in the array by
mechanisms involved in sequence conversion resulting in sequence model where domains (purple
band) of identical repeats may vary. As indicated in b CEN X (DXZ1) haploid array length
distribution for male individuals from 1000 Genome Project. Array length is observed to have a
tenfold range, shown min: 0.7 Mb (Southern Han Chinese HG00662) to max: 8.3 Mb (Japanese
NA19004). (Miga et al. 2014)
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1988; Waye and Willard 1987). Cataloging chromosome-assignment and shared
sequence homologies of HOR repeats was critical in creating FISH probes to
individual chromosomes useful in cytogenetic analyses (Willard 1985), promoting
physical mapping efforts (Mahtani and Willard 1998; Wevrick and Willard 1991),
and generating HOR-specific sequence libraries (Miga et al. 2014; Durfy and
Willard 1987). These collective studies were critical to developing the current
genomic model, and will continue to guide studies aimed to improve sequence
maps in centromeric regions.

In addition to HORs, arrangements of highly divergent alpha satellite *171 bp
repeats, known as “monomeric”, are commonly found in transition regions that
span hundreds of kilobases adjacent to each array (AIexandrov et al. 1993; Rudd
and Willard 2004; Hayden et al. 2013) (Fig. 3a). Sequence comparisons of col-
lections of monomeric repeats found on several chromosomes have revealed that
subsets of repeats form evolutionary blocks, thereby promoting a model of alpha
satellite sequence evolve by shifting from homogenization states to
non-homogenization monomeric states at the edge of the array (Schueler et al.
2005; Shepelev et al. 2015).

With respect to centromere function, monomeric DNAs are not observed to
co-localize with inner kinetochore proteins in normal cell lines. Furthermore, of the
select monomeric sequences tested by human artificial chromosome (HAC) assays,
all have been shown to be insufficient for de novo kinetochore recruitment (Hayden
et al. 2013). This is in contrast to studies of HOR arrays, which are observed by
immunofluorescence and DNA fluorescence in situ hybridization (immuno-FISH)
to associate with inner kinetochore proteins (Spence et al. 2002; Blower et al.
2002). Additionally, centromeres are functionally sensitive to HOR array deletion
and/or rearrangement (Tyler-Smith et al. 1993). Finally, particular HOR repeats are
competent for de novo centromere formation and stably maintained as functioning
HACs (Harrington et al. 1997; Masumoto et al. 1998). In general, HOR alpha
satellite DNAs are credited with centromere identity (Schueler et al. 2001), however
in a given genome only a fraction of a HOR array is expected to associate with
inner kinetochore proteins (Sullivan et al. 2011). Furthermore, not all HOR arrays
in a given genome are expected to be “active”, in that only a subset interacts with
inner kinetochore proteins (Vafa and Sullivan 1997). For example, the centromeric
region on chromosome 17 contains at least two distinct HOR arrays yet in most
genomes studied to date only a portion of one array (i.e., either D17Z1 or D17Z1B),
is considered active (Maloney et al. 2012) (Fig. 3a). Repeats from each array on
chromosome 17 provide evidence for centromere competency by exhibiting de
novo centromere formation in HAC studies; therefore, although both HORs are
competent for centromere function only one is functioning as an active centromere
in a particular genome (Hayden et al. 2013; Maloney et al. 2012) (Fig. 3b). These
results support the idea that centromeres are likely not defined strictly by the
underlying sequence or epigenetics, but rather certain sequences and/or genomic
organization offer favorable sites, or opportunity for kinetochore assembly.

Experimental efforts to study centromere competent alpha satellite sequences
and genomic structure have been restricted to HAC assays and ChIP-seq studies
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with known inner kinetochore proteins. Human artificial chromosome studies have
been useful in identifying candidate sequence features that influence de novo
centromere formation (Harrington et al. 1997). In particular, HORs that are enriched
with a 17 bp binding motif for centromere protein B, or CENP-B box, have been
shown in HAC assays to be important for centromere establishment (Masumoto

Fig. 3 Defining centromere competent sequences in the human genome. Each human
centromere-assigned assembly gap is expected to have one or more HOR array, as indicated in
the schematic as two distinct HORs (light blue, 14-mer and purple, 16-mer). Although HORs
within an array are expected to be highly similar to one another, i.e., 95–100%, HORs between
arrays often present sufficient sequence divergence to ensure both array and chromosome sequence
specificity. Monomeric alpha satellite DNAs are expected to flank HOR arrays and exhibit limited
sequence homology with local repeats. Although alpha satellite is credited as a centromeric
satellite family, not all alpha satellite DNAs in a given centromeric region bind to inner
kinetochore proteins. Green highlighting indicates that the purple HOR array is “functioning” as an
active centromere as that particular HOR is determined by ChIP-seq or IF-FISH colocalization to
bind inner kinetochore proteins. As expected, HORs from a functioning array are determined by
HAC assay to be competent for de novo centromere formation (indicated by HAC+ in green).
However, one can also observe nonfunctioning higher order repeat to be centromere competent,
while nonfunctioning monomeric units are not observed to be centromere competent (marked by
HAC−). Bottom corresponding FISH images for HAC assay where CENP-A is shown in red and
the BAC construct is shown in green (Hayden et al. 2013)
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et al. 1998; Ohzeki et al. 2002). It is likely that additional HOR sequence features
that are antagonistic to nucleosome stability or favor centromere protein binding
will influence centromere competency. HAC assays are highly laborious, therefore
researchers have only tested to a small number of sequences, which ultimately
result in insufficient data to apply robust statistically meaningful surveys of
sequence function (Basu et al. 2005; Harrington et al. 1997). In contrast, ChIP-Seq
maps of centromere protein A (CENP-A), a specialized histone that serves as the
key epigenetic mark needed to ensure kinetochore assembly, provide a broad
survey of centromere competent sequences (Warburton et al. 1997; Hayden et al.
2013; Vafa and Sullivan 1997). Acknowledging variability of HOR arrays it has
been shown in studies involving HOR arrays specific to chromosome 17 that repeat
abundance and variant composition might single out one array as active and the
other as inactive (Aldrup-MacDonald et al. 2016). Further, increased rates of array
mutation, i.e., transposable element interruption, expansion of repeat variants, and
HOR rearrangements in the array, are likely to influence whether or not an array is
functioning as a centromere. Therefore studies aimed to understand centromere
genomics will need to extend experimental methods to determine libraries of
competent centromere sequences and potential genomic configurations for function.

2.2 Exploring the Functional Impact of Transposable
Elements

Human centromeric regions are known to contain not only satellite DNAs, but also
recent mobile element insertions. Array sequence libraries from the HOR, for
example, both long and short interspersed repeat elements (LINEs and SINEs) have
been characterized throughout both monomeric and HOR arrays, yet the functional
impact of these transposable elements (TE) is an area of active research (Prades
et al. 1996; Schueler et al. 2001, 2005). Transposable element insertions are
expected to be rare in HOR arrays, where centromere proteins are observed to bind
(Santos et al. 2000; Schueler et al. 2001). These findings could support the idea that
TE interruptions are selected against to prevent centromere inactivation (Malik and
Henikoff 2002). When evaluating read libraries of the X chromosome HOR array
(DXZ1), only six insertion sites were identified in an estimated 3.8 Mb sized
haploid array (Miga et al. 2014; Levy et al. 2007) (Fig. 4a). Furthermore, when
evaluating alpha satellite reference models in GRCh38, LINE and SINEs appear to
be the most prevalent transposable element insertion in HOR arrays (Fig. 4b).

Although the functional role of monomeric TEs is unknown, transposable ele-
ment insertions in other genomes have indicated roles in strand-specific transcrip-
tion, chromatin remodeling, and specific interactions with centromere proteins that
are expected to contribute to identity (Chueh et al. 2009; May et al. 2005; Gent
et al. 2011). Indeed, neocentromere studies of a full length LINE element on 10q25
have offered evidence that TE transcripts associate with CENP-A and may influence
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centromere function (Chueh et al. 2009). Further analyses designed to explore both
functional and evolutionary trends with transposable elements will depend on a
more comprehensive library of all insertion sites within human centromeric regions.

2.3 Exploring the Influence of Pericentromeric
Satellite DNAs

Alpha satellite is commonly found adjacent to other pericentromeric satellite
families, including classical human satellite families (HSAT I, II, and III) and beta

Fig. 4 Transposable elements present in HOR arrays. Transposable elements are expected to be
rare in HOR arrays. Shown in a only a few examples of interspersed non-satellite sequences are
observed in the DXZ1array. The relative position is shown relative to the HOR 12-mer consensus.
Repeat class/family and estimated copy number match previously published data (Miga et al.
2014). b A study of transposable elements in HOR arrays genome-wide provide evidence for a
high proportion of LINEs and SINEs relative to other subfamilies of repeats (53 and 33% of total
TE insertions respectively)
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and gamma satellites, each defined by their respective individual sequence com-
position and evolution (Lee et al. 1997; Warburton et al. 2008) (Table 1). Unlike
alpha satellite, which is present on every centromeric region, pericentromeric
satellite families are variable in both their overall abundance and chromosome
distribution (Lee et al. 1997; Rudd et al. 2003). Only limited progress has been
made characterizing sequence variation or chromosome organization of either new
or existing satellite families in our genome, even with the wealth of publicly
available genome sequences. Human satellites II and III (HSAT 2,3) are the second
most abundant satellite families in the human genome (Altemose et al. 2014; Miga
et al. 2015). Cytogenetic studies paired with high-resolution genomic studies using
flow-sorted chromosome libraries assigned HSAT 2,3 satellite arrays to at least 13
pericentromeric regions (Altemose et al. 2014; Prosser et al. 1986; Tagarro et al.
1994). Unlike alpha satellite, many HSAT 2,3 sequences in the genome are highly
similar between chromosomal subsets, with only a subset revealing sufficient
sequence variation to ensure chromosome-specific mapping (Nakahori et al. 1986;
Schwarzacher-Robinson et al. 1988). The simple repeat structures observed in
HSAT’s canonical pentameric (CATTC)n sequence definition (Prosser et al. 1986)
challenge efforts to characterize the satellite sequences into higher order repeats.
However, efforts to screen through comprehensive HSAT 2 and 3 libraries obtained
from whole genomic datasets reveal that these complex combinations of simple
repeats can be resolved in the human assembly into larger repeat units of varying
size and composition (Altemose et al. 2014). The limited characterization of peri-
centromeric satellite families in general likely reflects the of functional data, as the
cellular role of these satellite families is obscure, with only limited information
regarding their respective epigenetic states under normal and stressed conditions
(Eymery et al. 2010; Sengupta et al. 2009; Valgardsdottir et al. 2008).

Table 1 Survey of the centromeric and pericentromeric satellite families in the human genome
representing roughly 5% of the HuRef genome (Levy et al. 2007)

Satellite family
name

GenBank accession Fundamental repeat unit
(bp)

%
Genome

Alpha satellite X07685 (consensus) 171 2.58

HSAT 2, 3 X03460 (HSAT2); X03457
(HSAT3)

5 1.42

rDNA U13369 42,999 0.67

Gamma satellite X68545 (clone:50E1) 220 0.13

HSAT I X03463 (clone: B2A) 42 0.12

Beta satellite JN194202 (clone: pAH45) 68 0.02

ACRO1 KF726396 147 0.01

CER KF651980 96 0.008

D20S16 U10479 98 0.0003
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2.4 Enrichment of Segmental Duplications
at Centric Transitions

Segmental duplications, or genomic sequences that span at least *1 kb that share
high sequence identity among chromosomally distributed copies, are enriched at the
majority of centromeric transitions (She et al. 2004; Bailey et al. 2002). Although the
satellite-rich, heterochromatic regions spanning human centromeres are gene‐poor,
the presence of segmental duplications introduced a “euchromatic-like” landscape
that is capable of generating novel transcripts in the vicinity of centromeres (She et al.
2004). Segmentally duplicated sequences are observed to exist within the
satellite-rich regions on Yq11 and 21p (Lyle et al. 2007; Kirsch et al. 2005). Using
patterns of sequence variation produced by population admixture, additional
unplaced non-satellite sequences (representing in one study, eight new segmental
supplications and over a dozen protein-coding genes) were assigned to
pericentromeric/centromeric regions (Genovese et al. 2013a, b). Further, efforts to
assign unmapped assemblies found in close proximity to each HSat2,3 subfamilies
localized over 1 Mb of additional, satellite-associated sequences to particular chro-
mosomes (Altemose et al. 2014). It remains unknown what functional role, if any,
these sequences may play in human centromeric regions. Notably in primate evo-
lution, segmental duplications are enriched at ancient centromere locations and are a
common genomic feature at sites of centromere position reuse (Ventura et al. 2001).

In summary, the genomic model of centromeric sequence content and organi-
zation is constructed largely from experimentally determined localization and
characterization of HOR satellite arrays and sequences embedded and/or directly
adjacent to each array (Hayden 2012). This proposed 1000-foot view of sequence
organization in regions known to contain sites of active centromeres is foundational
for guiding genomic assembly efforts in the human genome. It is important to note,
however, that sequence characterization is far from complete, and that it is likely
that extensive genomic studies will discover both satellite and non-satellite DNAs
that are currently missing from the assembly and/or specific to only a small group of
individuals in the population. Discovery of novel human centromeric sequences
will rely on studies aimed to explore sequence content in the unmapped and
unassembled portion of whole genome sequencing projects (Miga et al. 2014, 2015;
Genovese et al. 2013b). Ultimately, efforts to improve upon this model will benefit
from both increasing genomic characterization and expanding the number of
individual genomes to best represent the range of sequence variability.

3 Efforts to Advance Genome Informatics in Centromere
Regions

High-resolution sequence-based studies are largely inhibited due to the lack of a
genomic reference assembly and the difficulty generating meaningful short-read
alignments to highly repetitive DNAs. Instead of improving computational tools to
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include centromeric regions, most software development and computational
resources have been dedicated to methods to filter out repetitive reads and ignore
annotation of repetitive regions in the genome (Miga et al. 2015; Li 2014). This
limited ability to detect functional elements in centromeric DNAs presents a clear
and urgent gap in human genetics and the biomedical sciences. Efforts to resolve
this limitation will require development of a new suite of computational tools that
are designed to fully incorporate centromeric sequences into functional annotation
procedures. However, major biological and computational obstacles are expected to
challenge the advance of centromere genome informatics. Overcoming these bar-
riers will greatly improve our understanding of centromere biology, challenge
current models of genome-wide regulation, and ultimately, revitalize a new field in
centromere genomics.

3.1 Constructing a Reference Map of Centromeric Regions

Standard overlap-layout-consensus assembly fails in highly repetitive centromere
regions due to the insufficient number of unique bases capable of ensuring a correct
linear arrangement of repeats (Li et al. 2012; Miller et al. 2010). As a result, the
entire multi-megabase-sized regions that span sites of active centromeres are
excluded from chromosome assemblies (Rudd et al. 2003; Hayden et al. 2013).
Efforts to construct a linear assembly of a single HOR array will rely on informative
sequence variants that offer a unique “anchors” to correctly order repeats (Luce
et al. 2006). Doing so will require high confidence in base quality to ensure that
anchor sites are not sequencing errors. In addition to quality, assembly efforts will
require sequencing of high molecular DNA, and will likely be faced with the
challenge of spanning long stretches of highly homogenized portions of the array
sequences that lack informative variants (Roizes 2006; Warburton et al. 1992).
Fortunately, single molecule sequencing technologies have shown potential to
resolve repetitive regions that span tens of kilobases, and with protocol improve-
ments and advancements in sequencing chemistry it will be possible to achieve
these ultra-long-read lengths in the near future (Jain et al. 2015; English et al.
2012). In lieu of a single high quality sequence that spans the entire
multi-megabase-sized array, efforts to generate a true linear reference of an HOR
array will ultimately require some form of sequence assembly across a large number
of repeats. Success will likely rely on both the availability long, high quality reads
that offer sufficient informative sites to confidently permit standard overlap-
layout-consensus methods, and finally experimental validation to support the final
linear prediction.

Alpha satellite arrays on homologous chromosomes are expected to vary con-
siderably in length and repeat variants. This issues a major challenge to efforts
aimed to generate a single, haploid assembled contig for each centromeric region.
Further, a small proportion of HOR arrays assigned to more than one chromosome
are known to share high sequence similarity (Vissel and Choo 1991). For example,
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a HOR dimer has been observed to share high sequence identity with at least three
arrays assigned to chromosomes 1, 5, and 19 (Carine et al. 1989; Alexandrov et al.
2001). Therefore, efforts to adequate represent sequences from diploid centromeric
arrays is complicated not only by the challenge of representing two homologous
chromosomes each with inherent repeat variability, but also by the inability to
separate HOR sequence libraries from individual chromosomes that share similar
arrays (Altemose et al. 2014; Vissel and Choo 1991). It is possible to address the
challenge of diploid assembly using haploid genomes (i.e. human hydatidiform
moles or gamete DNA (Wang et al. 2012; Chaisson et al. 2015)), and/or isolation of
sequence libraries from individual human chromosomes (Bentley et al. 2008),
however, such efforts are highly laborious and are not sufficient to broaden cen-
tromere genomics studies to include a large number of individuals.

In addition to anticipated hurdles associated with genome assembly in diploid
cells, it is possible that prevalent somatic array rearrangement, expansion, and/or
contraction of repeat variants within the population of cells used to generate
sequence libraries could further complicate efforts to generate a true HOR array
reference. Although the frequency of introduced array variation in a given popu-
lation of cells is unknown, such rearrangements have already been reported in cells
exposed to stress where reduced heterochromatin and hypomethylation is expected
to promote satellite sequence instability (Peng and Karpen 2007). Therefore, maps
of centromeric regions that assume a true linear assembly may require single-cell
sequence characterization or an assessment of centromere sequence stability in the
population of cells used to generate the reference map.

Although correct sequence representation is necessary to study the genomic role
in centromere identity and function, scientific progress may be able to bypass the
need for strict linear assembly. For example, studies using unassembled whole
genome sequence data have been successful in predicting HOR structure (Macas
et al. 2010; Alkan et al. 2007) as well as reporting repeat structure and variation
within a single HOR array (Miga et al. 2014; Altemose et al. 2014). Catalogs of
HOR repeat variants have been previously represented in a sequence graph, where
individual variants within each monomer involved in the higher order repeat are
grouped, defining a single “node”, and the organization adjacent monomers on the
unassembled sequence reads represent the local ordering, or “edges”(Miga et al.
2014) (Fig. 5). Probabilistic traversal of these graphs results in a linear reference
model of observed array sequence composition (Miga et al. 2014). Although to date
no group has successfully assembled a complete human centromere, the last release
of the official reference genome (GRCh38) contained a representative sequence for
each centromere by sampling sequence graphs of HOR arrays from a single indi-
vidual. These data provide a first look into the basic sequence structure and extent
of HOR repeat variation when pooling array data across centromeric regions of
homologous chromosomes.

Representing centromeric sequence data as a sequence graph may present an
unconventional method to bypass the need for linear assembly. This data structure
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offers key advantages over true linear assembly. First, this allows explicit repre-
sentation of true sequence organization in the genome graph, resulting in a more
comprehensive and less biased representation of what is known about centromere
structure. In this format, more extensive haplotype information offered by long, high
quality sequence reads could be represented as a set of paths in the graph (Eriksson
et al. 2008; Stephens et al. 2001). Second, the graph format offers a practical method
to store and compare sequence data across a large number of individuals (Nguyen
et al. 2015). Indeed graphical data for the X and Y chromosome have been used to
study differences in repeat content and abundance between 400 individual genomes,
demonstrating that population-based data can be studied without the need for exact
linear assembly (Miga et al. 2014). Notably, this proposed data structure for cen-
tromeric DNAs aligns with the next anticipated version of the human reference
genome, known as the “Human Variation Genome Map” (HVGM) (Nguyen et al.
2015), which also utilizes a graph-based format to better represent all common
human sequence variation. Including graphical models of satellite DNA arrays in the
HVGM will potentially streamline common mapping, annotation and analysis
software operating on a graph structure to also operate on repeats (Paten et al. 2014;
Novak et al. 2015). As a result, satellite DNAs could be included in a global platform
for medical research and basic research in the life sciences.

Fig. 5 Illustration of repeat sequence representation in genome graph and improvement of
unambiguous short-read alignments. As shown in a collapsed representation of three exact repeat
copies into a sequence graph, in which three identical repeat copies (shown in red) are collapsed
into one region noting 5′ to 3′ orientation. This form of sequence data compression reduces
multi-mapping issues to a single element allowing for non-ambiguous mapping to the graph.
Similarly in centromeric HOR sequences, shown in b exact copies of individual monomers within
each HOR can be represented as a single graph element or node, with edges providing local, or
adjacent sequence information. In this example, the HOR repeat (shown as A–F) is rearranged in
the second (deletion of F monomer) and third (insertion of TE element) repeat unit. The graph
structure is able to represent these alterations in repeat structure. This data structure is able to
represent all forms of repeat structure and variation. Additionally, like the example in
(a) multi-mapping reads are able to map unambiguously to a single “A” repeat monomer in the
graph
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3.2 Unambiguous Alignment to Multi-mapping Repeats

Genomic and epigenetic studies will need to incorporate high-throughput short-read
functional datasets [e.g., chromatin-immunoprecipitation sequencing (ChIP-Seq)
and RNA sequencing (RNA-seq)] to explore models of centromere identity and
function. This goal presents a new bioinformatics challenge, in that identical repeats
within centromeric regions provide multiple, best scoring alignments (Hayden et al.
2013). Current standard mapping procedures in high-throughput genomic studies
eliminate such multi-mapping reads in an effort to optimize algorithmic efficiency
(Encode Project Consortium 2012). To address the alignment problem, it is nec-
essary to develop, optimize, and employ a suite of mapping and functional anno-
tation tools to include repeated DNAs. Several existing strategies are designed to
include multi-mapping reads and ultimately include repetitive DNAs in genomic
studies. For example, assignment of a multi-mapping read can be made proba-
bilistically using the collective mapping location information (Hashimoto et al.
2009), or by normalizing multi-mapping assignments based on the estimates of
copy number obtained from the reference assembly (Mortazavi et al. 2008).
Alternatively, data compression algorithms, e.g., the use of suffix arrays (a sorted
array of all suffixes of a given string), alignment searches are able to identify exact
genomic matches with little computational overhead, facilitating an accurate
alignment of reads that map to multiple genomic loci (Li and Durbin 2009; Dobin
et al. 2013). Reads are considered ‘multi-mapping’ if the best alignment score
defines two or more distinct locations in the genome. In many cases, these repeated
sequences are ignored from downstream analyses or one of the alignment sites is
selected at random (Li and Durbin 2009). Specific to the challenge of short-read
mapping to repetitive DNA, a sequence graph is able to collapse multiple exact
copies of a repetitive element into a single, representative sequence element so that
mapping can be made unambiguously (Novak et al. 2015).

In addition to the bioinformatics challenge aimed to improve mapping and peak
enrichment protocols, functional studies must also overcome the difficulties
involved in data interpretation. Assuming that the centromeric reference map is
complete and representative of the individual genome from whom the functional
datasets were obtained, it may be possible to confidently map a sequence to the
reference. However, if that particular sequence provides an exact match to a repeat
found to occupy the majority of an array, it will be impossible to assume a strict
location of a given enrichment peak and/or transcript. Although the true enrichment
of a given protein only spans a subset of repeats the exact matching within the array
is expected to report all possible sites spanning the majority of the repeats. This
problem intensifies when mapping data obtained from a diploid individual where
the ordering and prevalence of HOR variants are expected to vary between
homologous chromosomes. Efforts to bypass this ambiguity could introduce, or
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engineer unique markers throughout the array, however it is unclear if such
sequence modifications would alter functionality or be readily removed (or
expanded in frequency) by sequence conversion. Alternatively, several studies have
mapped reads to a single repeat consensus to summarize read alignment profiles,
proving that although enrichment signal cannot be mapped uniquely to any one, or
a subset of repeats, the general trends offer valuable biological information
(Erliandri et al. 2014; Jacobs et al. 2014; Hasson et al. 2013). Additionally, by
bypassing the strict need to assign enrichment patterns to a precise site in the array,
it is also possible to study alignment trends relative to all possible repeat variants to
detect correlated signals between two or more functional datasets (Hayden et al.
2013). Such attempts to advance both the centromeric reference maps and align-
ment strategies are expected to ultimately shift our view of centromere genomics
from the rough generic model of sequence organization to a new era of
high-resolution sequence-based functional studies.

4 Future Perspectives: Emerging Genomic
and Epigenomic Studies

Efforts to advance genome informatics and optimize long-range sequencing tech-
nologies will improve sequence characterization of centromeric regions to promote
the use of clinical, epigenetic, and population-based genomic datasets to address the
question of satellite DNA biology and centromere function. Importantly, such
improvements in our understanding of centromeric sequence content and
chromosome-specific organization will be extremely useful in releasing
sequence-based and technology-based experimental resources to accelerate tools in
genome research and applications in human health. These foundational genomic
resources and tools will enable researchers to quantify the extent of centromere
sequence variability in the human population and across multi-generational pedi-
grees. It remains unknown how much variation in the genomic and genetic defi-
nition of human centromeres exists if one extensively sampled individuals in the
population. Further, researchers will begin to ask if this new source of sequence
variation is associated with centromere competency, i.e., are there particular
genomic features such as array size, frequency of HOR repeat variants, increased
number of TE interruptions, that could positively or negatively predict centromere
function? Additionally, are there genomic features that are associated with the
increased rates of aneuploidy and chromosome instability? Such mechanistic
findings are expected to drive parallel paths in basic cell biology, satellite sequence
evolution and lead to the identification of novel disease variants in human
biomedical research.
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DNA Sequences in Centromere Formation
and Function

M. Dumont and D. Fachinetti

Abstract Faithful chromosome segregation during cell division depends on the
centromere, a complex DNA/protein structure that links chromosomes to spindle
microtubules. This chromosomal domain has to be marked throughout cell division
and its chromosomal localization preserved across cell generations. From fission
yeast to human, centromeres are established on a series of repetitive DNA
sequences and on specialized centromeric chromatin. This chromatin is enriched
with the histone H3 variant, named CENP-A, that was demonstrated to be the
epigenetic mark that maintains centromere identity and function indefinitely.
Although centromere identity is thought to be exclusively epigenetic, the presence
of specific DNA sequences in the majority of eukaryotes and of the centromeric
protein CENP-B that binds to these sequences, suggests the existence of a genetic
component as well. In this review, we will highlight the importance of centromeric
sequences for centromere formation and function, and discuss the centromere DNA
sequence/CENP-B paradox.

1 Introduction

In eukaryotic cells, the centromere constitutes the site for sister chromatid attach-
ment to the mitotic spindle and is the foundation for kinetochore assembly during
meiosis and mitosis to ensure faithful chromosome segregation. The centromere is
comprised of a complex of specific DNA sequences and proteins. At the DNA
level, it is characterized by a series of long arrays of highly similar tandem repeats
that are not conserved between species, called in human alpha-satellite DNAs
(Manuelidis 1978; Vissel and Choo 1987). The DNA wraps around histones to
form nucleosomes that are enriched with the histone H3-variant CENP-A, giving
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rise to a unique centromeric chromatin (Palmer et al. 1987)—although the nature of
its composition is still a matter of debate (Black and Cleveland 2011).

While the preservation of centromere identity and inheritance were initially
thought to be tightly linked to the highly repetitive DNA sequence (Grady et al.
1992), the discovery in 1993 of human neocentromeres (Voullaire et al. 1993)—
new centromeres formed at an ectopic site deprived of satellite arrays—led
researchers to revisit this dogma. Neocentromeres that are formed in euchromatic
sites outside the a-satellite DNA allow kinetochore assembly (specifically and
uniquely at the new site), show relative normal chromosome segregation—although
with reduced fidelity (Bassett et al. 2010; Fachinetti et al. 2015)—and, importantly,
are maintained across generations [at least two generations (Amor et al. 2004)].
Therefore, the discovery of neocentromeres and of pseudo-dicentric chromosomes
—stable chromosomes with one active centromere while another is silenced without
apparent sequence rearrangements (Sullivan and Willard 1998)—indicates that
centromere identity can be sequence-independent and specified by one or more
epigenetic factors.

In the last decade, several reports suggested that CENP-A acted as an epigenetic
mark for centromere specification (Allshire and Karpen 2008). It was demonstrated
that centromere position is specifically maintained by the centromeric chromatin
bound by CENP-A in flies (Mendiburo et al. 2011), chickens (Hori et al. 2013), and
humans (Fachinetti et al. 2013). CENP-A is conserved between species and during
evolution (Earnshaw and Rothfield 1985; Palmer et al. 1987; Sullivan 1994; Stoler
et al. 1995; Buchwitz et al. 1999; Takahashi 2000; Malik and Henikoff 2001) and is
essential for cell viability (Howman et al. 2000; Régnier et al. 2003; Fachinetti et al.
2013). CENP-A is enriched at centromeric regions and interspersed with canonical
histone H3 nucleosomes (Blower et al. 2002). However, quantitative measurement of
CENP-A molecules revealed that half of it is deposited outside centromeres (Bodor
et al. 2014). For these reasons, it was proposed that the conservation of a proper
stoichiometry of CENP-A molecules present at centromere might be necessary for
maintaining centromere position across generations (Bodor et al. 2014). At cen-
tromeres, CENP-A primarily binds to a specific type of a-satellite sequence [a-I;
(Ando et al. 2002)], but how CENP-A is precisely distributed at the centromeric
regions is unknown, partially due to the repetitive nature of DNA sequences that
precludes accurate investigation. Studies on neocentromeres revealed that a CENP-A
domain occupies *90–100 kb (Alonso et al. 2007, 2010; Hasson et al. 2013),
although this length might not reflect the actual size of a CENP-A domain at native,
repetitive human centromeres. However, studies in chicken cells suggested that
CENP-A domains at induced-neocentromeres and at nonrepetitive native cen-
tromeres are of comparable size [*40 kb; (Shang et al. 2010, 2013)].

Despite centromere identity being exclusively determined through an epigenetic
mechanism is a widely accepted concept, DNA sequences are also likely to play a
fundamental role in centromere biology as suggested by their enrichment in the
majority of eukaryotes. In this review, we highlight the importance of centromeric
DNA sequences and DNA sequence-dependent binding proteins in mediating
centromere identity and function.
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2 The Arrangement of Centromeric DNA Sequence

In eukaryotes, two types of centromere configurations exist: “point centromeres”
found in budding yeast and “regional centromeres” found in most of the model
organisms that include the pathogenic yeast Candida albicans and the fission yeast
Schizosaccharomyces pombe. Point centromeres are characterized by a single
nucleosome that covers 125 bp of DNA sequence composed of three
Conserved DNA Elements (CDE I/II/III) (Clarke and Carbon 1980). The peculiarity
of the point centromere is that centromere position and function relies on the
centromeric DNA sequence, as conditional deletion or even a single CDEIII point
mutation leads to chromosome mis-segregation (McGrew et al. 1986; Ng and
Carbon 1987) [mutation of CDEI or II are known to be more permissive;
(Cumberledge and Carbon 1987)]. Indeed, deletion of centromeric sequence in
budding yeast never drives neocentromere development, indicating that DNA
sequence is indeed essential for centromere formation and function, in contrast to
other yeasts such as Candida albicans (Ketel et al. 2009).

Although centromeric DNA sequences have diverged drastically across evolu-
tion in the larger regional centromeres, the overall composition of the centromere is
conserved. Centromeres are normally established on highly repetitive DNA arrays
such as satellite DNAs and transposable elements (Willard and Waye 1987; Grady
et al. 1992; Schueler et al. 2001; Cleveland et al. 2003; Plohl et al. 2014). This
tandemly repetitive organization at centromere is found in hundreds of plant and
animal species (Melters et al. 2013) and reveals a similar mode of evolution of
centromeric DNA sequences even for species that diverged 50 million years ago.

In human, a-satellite DNA represents *3% of the genome (Hayden et al. 2013)
and is organized in a head-to-tail tandem repeat of single AT-rich 171 bp monomers
(Waye and Willard 1986). The association of adjacent monomers can also form
higher order repeat (HOR) units in which blocks of multiple repeats—discovered by
the periodicity of restriction endonuclease cleavage sites on genomic DNA (Wu and
Manuelidis 1980)—can form a larger domain (for further details see review by K.H.
Miga in this issue). HORs are usually flanked by relatively short stretches of
divergent monomeric satellites (Alexandrov et al. 2001; Rudd and Willard 2004).
This HOR organization is conserved in all great ape species and was also recently
uncovered in small apes (Koga et al. 2014), although they evolved rapidly compared
to monomeric a-satellites (Rudd et al. 2006; Shepelev et al. 2009). A HOR is itself
repeated constantly hundreds to thousands of times spanning between 0.34 and 6 kb
and altogether these HOR repeats can give rise to megabase-size centromeres (0.3–
5 Mb) (Fig. 1). Individual monomers share 50–70% sequence identity while the
HORs, due to an overall homogenous a-satellite array, can exceed up to 95%
identity (Koga et al. 2014 and see also review from Aldrup-MacDonald et al. 2016).
However, variation in the number of tandemmonomers can be observed and creates a
chromosome specificity (Willard 1985; Vissel and Choo 1987) with some chromo-
somes that possess several differenta-satellite (alphoid)DNAsubfamilieswithin their
centromeres (Choo et al. 1991; Wevrick and Willard 1991; Alexandrov et al. 2001).
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At the level of the HOR, additional variation can be present on the same chromosome
due to size polymorphism, aswas described for the human chromosome 17 (Waye and
Willard 1986). In this particular case, it was shown that the two HORs behave as
centromeric epialleles with both HORs being capable of recruiting proteins required
for kinetochore formation (Maloney et al. 2012). The mechanism that controls the
choice of alpha-satellites to be the active form of the centromere is unknown, although
recent studies proposed that genomic variation in size and sequences within the HOR
is a negative driver of epiallele formation (Aldrup-MacDonald et al. 2016).

3 The Role of Centromeric DNA Sequences

The existence of neocentromeres devoid of repetitive sequences (Depinet et al.
1997) strongly suggested that DNA sequences are neither sufficient nor essential for
maintaining centromere position and function. Indeed, nonrepetitive centromeres
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Fig. 1 The human chromosomes and their peri/centromeres. Schematic representation of human
chromosomes. Chromosome number and size are shown. Light blue color indicates regions with a
high level of heterochromatin. Chromosome (Chr) type:M metacentric, sM sub-metacentric and Ac
acrocentric. The approximate centromere (Cen) size in each chromosome is also indicated in
megabase pairs (Mbs) and is calculated considering all the different high-order repeats (HOR) arrays
present at each individual centromere (N number). The sum of the frequency of CENP-B boxes
(*TTCG****A**CGGG*), in case of several HOR arrays, and number of variants of HOR arrays for
each chromosome is indicated based on reference models from one individual genome using HuRef
Sanger reads onGRCh38 referencemodels (KarenMiga personal communication). The frequency of
CENP-B boxes/monomers is showed in % and it is calculated by summing the total number of
monomers for each chromosome and the number of monomers containing CENP-B. CENP-B boxes
were included if they had no more than 2 mismatches from the 17 bp consensus sequences. Data for
acrocentric chromosomes cannot be determined (ND). Chromosomes 1, 15 and 19 contain a
redundant array that cannot be solved. These data are based on a model (they present sequence
variants from an averaging of diploid arrays); it is likely that the indicated frequency of CENP-B
boxes and size may change given different cell line or individual genome of interest
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are found in orangutans (Locke et al. 2011), on one chromosome in horses (Wade
et al. 2009) (see also review by Elena Giuliotto in this issue for more information),
three chromosomes in chickens (Shang et al. 2010) and in five chromosomes of
potato (Gong et al. 2012). However, it was hypothesized that evolutionary new
centromeres (ENCs) are “centromeres in progress” and further incorporation of
repetitive DNA is then required for full centromere maturation (Marshall et al.
2008). In support of this idea, evolutionary studies in macaque revealed that all
ENCs harbor large arrays of alpha-satellite DNA (Ventura et al. 2007). Thus, if
alpha-satellites are required to stabilize ENCs and all human centromeres contain
these repetitive sequences, what are their main functions?

3.1 Preservation of a Unique Chromosomal Architecture

One possibility is that the existence and conservation of higher order structures
might be required to preserve and/or maintain a particular DNA topology. The
architecture of centromeres has only recently emerged from studies in flies (Garavís
et al. 2015) or using human BACs (containing from 135 to 190 kb of the cen-
tromeric regions of the chromosomes 8 and 17) with Xenopus egg extracts (Aze
et al. 2016). Both studies revealed the presence of specific secondary structures
such as DNA loops [by electron microscopy (Aze et al. 2016)] or four antiparallel
motifs [by NMR (Garavís et al. 2015)]. The latter study suggested that centromeric
sequences were mainly selected throughout evolution for their ability to form
secondary structures rather than for the DNA sequence itself, implying that
monomer length might be important for HOR organization. In this regard, different
organisms have similar lengths of repeating units that approximately correspond to
one (171 bp-long a-satellite repeat in human, 120 bp in mouse, 178 bp in
Arabidopsis, 156 bp in maize) or two (340 bp repeat in pig, 359 bp-long SAT III in
Drosophila) nucleosomal units. The fact that HORs might play a role in centromere
folding was hypothesized by Rosandić et al. (2008). Using a computational method,
they generated different centromere structural models for the distribution of the
HORs in the three known 30-nm DNA fiber models (a crossed-linker model, a
solenoid model, and a helical-ribbon model), in which the characteristic geometrical
pattern of the DNA folding allows the recognition of specific microtubules.

CENP-B might also play a crucial role in centromere organization mediated by
its unique DNA binding capacity and/or by epigenetic modifications on centromeric
DNA (see paragraph CENP-B and DNA methylation).

3.2 Heterochromatin Formation

Another proposed role of repetitive sequences at the centromere is to promote
pericentromeric heterochromatin and, simultaneously, to create a separated
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environment for centromeres. Indeed, only a fraction of alpha-satellites constitutes
the functional centromere with the binding of CENP-A only occurring at one type
of alphoid DNA (Ando et al. 2002). In fission yeast, this distinct separation between
peri/centromeric regions is enforced by tRNA genes that flank the centromeric
regions that physically act as a barrier to prevent pericentromeric heterochromatin
expansion into centromeres (Scott et al. 2006; Noma et al. 2006) or centromere
migration. Pericentromeric heterochromatin has a distinguished epigenetic signa-
ture with the heterochromatin protein HP1 bound to histone H3 Lysine 9
trimethylation [H3K9me3, for more information see review by Almouzni and
Probst (2011)] and is required for the assembly of centromeric cohesion (Bernard
et al. 2001; Bailis et al. 2003). Interestingly, it has been demonstrated that hete-
rochromatin has a direct impact on centromeres itself by promoting de novo cen-
tromere formation in fission yeast (Folco et al. 2008) or by favoring ectopic
CENP-A deposition at heterochromatic sites in flies (Olszak et al. 2011).

3.3 Centromere-Derived Transcripts

The centromere was long considered “junk DNA” without transcriptional activity;
only in the last decade has centromere transcription been appreciated to be essential
for maintaining centromere integrity in various species. Transcription of cen-
tromeric repetitive sequences that produces non coding RNAs (ncRNAs), distin-
guished in satellite I, II, and III RNAs, was uncovered in mammals (for more
information see review Rošić and Erhardt 2016). For example, active RNA poly-
merase II surprisingly localizes at the mitotic kinetochore and its inhibition was
found to affect CENP-C binding and consequently give rise to mitotic error (Chan
et al. 2012). Further, the satellite I RNA was shown to co-immuno-precipitate with
two components of the mitotic Chromosome Passenger Complex (CPC) (Aurora B
and INCENP), although its binding occurs mainly in interphase (Ideue et al. 2014).
This ncRNA controls the localization and activity of the CPC and consequently
regulates chromosome segregation. Moreover, of particular interest for this review,
a 1.3 kb centromere-long transcript was identified to physically interact with the
CENP-A/HJURP pre-assembly complex in vivo at early G1 (Quénet and Dalal
2014). Targeted destruction of these centromeric transcripts (by shRNA) resulted in
a decrease of CENP-A at centromeres and severe mitotic defects. Similar findings
were observed in flies, in which an RNA derived from X chromosome-specific SAT
III—curiously with a similar size to the cenRNA observed in human (Quénet and
Dalal 2014)—binds centromeric regions and is required for successful mitosis by
maintaining correct binding of CENP-A and CENP-C (Rošić et al. 2014).
Additional suggested roles for the centromeric transcripts are in the stabilization of
the higher order chromatin structure at the centromere, as well as to act as a scaffold
for chromatin remodeling complexes, although these mechanisms are not deter-
mined yet (see reviews Allshire and Karpen 2008; Rošić and Erhardt 2016).
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3.4 CENP-B Boxes and CENP-B

Enclosed in the alpha-satellite DNA, the CENP-B box is a short sequence that is the
binding site for the centromere protein CENP-B (Masumoto et al. 1989). The
involvement of CENP-B boxes in centromere location and function has been
studied for many years, and CENP-B, together with the CENP-B box, may
therefore constitute a link between the genetic and epigenetic centromere identities.

4 Evolution of the CENP-B Boxes

Two families of a-satellite DNA are distinguished in primates (Romanova et al.
1996). Type A monomeric units (also called alphoid type II) were found in the
centromeric region of lower primates and are designated as the “old” family. This
monomer diverged in the “new” family of primates, the descendants of the last
ancestor of the great apes, and became organized in several monomer units named
the alphoid type I DNA that contains CENP-B boxes and gained the ability to bind
CENP-B (Alexandrov et al. 2001). The CENP-B box consists of a 17 bp motif that
is found at regular intervals in the alphoid DNA (Ikeno et al. 1994) of all the human
chromosomes, except for the Y chromosome, and at varying frequencies between
the chromosomes (Masumoto et al. 1989; Rosandić et al. 2006) (Fig. 1). For
example, analysis of the centromere region of the chromosome 21 revealed the
occurrence of two different types of alphoid DNAs (a21-I and a21-II), differing by
the nature of the HOR units and the frequency of the CENP-B boxes (Ikeno et al.
1994). The a21-I displays CENP-B boxes in almost every other monomer unit
whereas CENP-B boxes were found on the a21-II locus at a low frequency (every
100 monomer repeat unit). The authors proposed a model in which the binding of
CENP-B to the alphoid type I DNA forms more compact folding for centromere
function while the a21-II might play a role of “supporting area”. A further study
performed on all the human chromosomes using fluorescence in situ hybridization
(FISH) probes and chromosome-specific a-satellite DNA probes (Lo et al. 1999)
revealed a relatively common occurrence of low-alphoid DNA centromeres at
chromosome 21, called a “low-alphoid” chromosome. While the centromere
function of this chromosome does not seem to be impaired, the proper segregation
of chromosome 21 compared to the others remains to be investigated.

Variability in the occurrence of CENP-B boxes in vertebrates has been observed
during evolution. A computational method showed a strong conservation of the
CENP-B box motifs in all of the mammalian consensus sequences, with horses and
dogs showing the greatest variability and complexity in centromere organization,
and, in rare cases such as the platypus, CENP-B boxes were found outside the
satellite DNA (Alkan et al. 2011). An initial study performed in 1995 (Haaf et al.
1995) using FISH probes against CENP-B boxes revealed the absence of this
sequence in the chromosomes of Old and New World monkeys (the separation
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between these two groups arises from the migration of the New World Monkeys
from Africa to South America *30 million years ago), prosimians and gibbons,
while it was detected in humans (except on the Y chromosome) and great apes
(such as chimpanzee and bonobo). Paradoxically, no or few (100–1000-fold fewer
than in human) CENP-B boxes were detected in African green monkeys (AGM),
despite the presence of a biochemically functional CENP-B protein and despite
their being phylogenetically closer to humans than mice (Mus musculus)—a species
in which CENP-B boxes were found (Goldberg et al. 1996). In contrast, a parallel
study by Okazaki and colleagues (Yoda et al. 1996) demonstrated the existence of
CENP-B boxes in the alpha-satellite of AGM and binding of CENP-B at metaphase
chromosomes in AGM cells, although at lower levels compared to human cen-
tromeres. This controversy was recently resolved by comparing the latest sequence
analysis of AGM genome using paired-end sequencing (Warren et al. 2015) with
the human datasets; a *240-fold enrichment of CENP-B boxes in human versus
AGM was observed despite *10-fold less alphoid sequences (Sivakanthan
Kasinathan and Steven Henikoff, personal communication). This demonstrates that
CENP-B boxes are indeed present in AGM although at low frequency. The reason
for this observed reduction is unknown, but suggests additional roles of CENP-B in
centromere function other than via its DNA binding domain.

Two recent studies have reported the presence of CENP-B boxes in the a-satellite
DNA of three New World monkey species (Suntronpong et al. 2016; Kugou et al.
2016). These binding sites were demonstrated to be functional, as CENP-B was
found at centromeric regions (marked by CENP-A), although not on all chromo-
somes. The repeat unit size in which the CENP-B boxes are found is twice that of
humans and great apes (340–350 bp instead of the 171 bp). In addition, the location
and the sequence direction of the CENP-B boxes in the studied primates (marmosets,
squirrel monkeys, and tamarins) is also different. This is likely due to divergent
evolution from a common ancestor or different mutations that occurred after lineage
divergence, although the intervals between CENP-B boxes are nearly equivalent. It
is of interest to understand why an additional CENP-B box is not found in hominid.
The authors suggest that this is due to a limit of the maximum amount of CENP-B
boxes in a single repeat unit, taking into consideration that CENP-B boxes along the
CENP-B box-positive alpha-satellite DNAs are directly associated with HOR
structures in humans (Kugou et al. 2016). Several other hypotheses have been
suggested to explain those differences, including a variability in the CENP-B DNA
affinity (with binding to type II or type III satellite sequences rather than to a
common CENP-B box), an evolution of the DNA binding domain sequence that is
able to recognize CENP-B protein variants [although this seems unlikely since no
CENP-B paralogs were found in mammals (Marshall and Choo 2012)], or that
centromere function preceded the satellite repeat accumulation during evolution. In
the latter case, the acquisition of satellite tandem repeats is thought to have occurred
subsequently to contribute to centromere stability and function.

The occurrence of CENP-B boxes outside of vertebrates remains under debate.
Analysis of the structure and the organization of satellite DNAs, however, revealed
the presence of CENP-B box-like sequences in other organisms such as in Xenopus

312 M. Dumont and D. Fachinetti



(Edwards and Murray 2005), dipterans (López and Edström 1998), lepidopterans
(d’Alençon et al. 2011), plants (Barbosa-Cisneros and Herrera-Esparza 2002) and
recently also in nematodes (Meštrović et al. 2013) with a similarity of 10–12 out of
the 17 nucleotides (Fig. 2).

5 Evolution of CENP-B, the CENP-B Box Binding Protein

Characterized for the first time in 1987 using serum from a patient with anticen-
tromere antibodies (ACA), human CENP-B is a 80 kDa protein that was revealed to
be present at varying amounts between different chromosomes and completely
absent from the Y chromosome centromere and neocentromeres (Earnshaw et al.
1987; Depinet et al. 1997; Tanaka et al. 2001; Miga et al. 2014). CENP-B amino
acid (a.a.) sequence is highly conserved within mammals with *80% of a.a.
homology (92% between human and mice) (Sullivan and Glass 1991). Unlike the
single evolutionary origin of other known kinetochore components, CENP-B-like
proteins have originated multiple times from a domestication of a major class of
transposases, the pogo-like family (Kipling and Warburton 1997). In addition to
humans, other mammalian species also acquired CENP-B at their kinetochores and
are likely derived from a single domestication event. However, in contrast to other
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bona fide transposases encoded by other pogo-like family found in human (Smit
and Riggs 1996), CENP-B lost its capacity to act as a transposase due to a.a.
mutations within the excision catalytic domain—although the nature of the
sequence mutation does not exclude that it retains nickase activity (see below).

Despite this high conservation in evolution, it is unclear if other domestication
events of CENP-B-like proteins occurred outside mammals with the exception of
fission yeast. In S. pombe three different CENP-B-like proteins have been found
(see below) with sequence homology of 25–50% (Murakami et al. 1996; Halverson
et al. 1997; Lee et al. 1997). Similar to mammalian cases, the fission yeast
homologs have lost the transposase motif, but retain the NH2-terminal and central
domain of pogo-like transposases and localization at peri/centromeric regions
(Casola et al. 2008).

Additional domestication events of putative CENP-B-like proteins were also
described in the holocentric chromosomes of Lepidoptera S. frugiperda (d’Alençon
et al. 2011) and in D. melanogaster (Mateo and González 2014), the latter of which
conserved the same structure of the DNA binding domain observed in human (34%
overall identity with CENP-B), yet their localization and role at centromeres have
not been demonstrated. Contrasting studies are found regarding the existence of a
CENP-B homolog in amphibians; while no ortholog was found in X. tropicalis
(Casola et al. 2008) or in Xenopus laevis (A. Straight, personal communication), a
protein with homology to CENP-B was identified by quantitative mass spectrom-
etry and reported to bind human BACs in Xenopus laevis egg extract (Aze et al.
2016). This latter finding is in accordance with the discovery of a
CENP-A-associated CENP-B box sequence [although with low similarity to the
human ones (Edwards and Murray 2005)]. However, further studies are needed to
validate this protein as a true CENP-B ortholog.

CENP-B binds to the CENP-B box sequence via its N-terminal region (1–129 a.
a.) with an equilibrium constant for binding of 6.3 � 108 M−1 (Masumoto et al.
1989; Muro et al. 1992; Yoda et al. 1992). The crystal structure of the complex
between CENP-B and DNA sequence has been determined at 2.5 Å resolution
although a 21 bp-CENP-B box was used in their model [a slightly longer sequence
that includes the conventional 17 bp sequence, probably for an easier purification;
(Tanaka et al. 2001)]. Four well-defined CENP-B regions were identified in the first
129 a.a. region of CENP-B: the N-terminal arm, domain 1 [a CENP-B mutant of a.
a. 10–25 failed to bind to CENP-B boxes (Yoda et al. 1992)], a linker loop and the
domain 2. Both domains 1 and 2 have a helix-turn-helix motif that binds adjacent to
the major grooves of DNA and is similar to that of proteins with known functions
such as transposases. CENP-B forms a homodimer through its carboxy terminus
domain that might allow the bundling of two distant CENP-B boxes—and that
might be involved in centromere structure (Tawaramoto et al. 2003). Two CENP-B
monomers interact via their hydrophobic surfaces involving Van der Waals contacts
and hydrogen bonds and form a unique four-helix bundle structure that is asym-
metrical and antiparallel as solved by the crystal structure of the dimerization
domain at 1.65 Å resolution (Tawaramoto et al. 2003).
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DNA sequence recognition by CENP-B involves nine “core nucleotides” of the
17 bp-CENP-B box [the underlined nucleotides: (Py)TTCGTTGGAA(Pu)CGGGA
(Masumoto et al. 1993)] and the binding induces a “kink-straight-kink” bend of the
DNA by *60° that might be relevant to distinguish the centromeric chromatin
structure from other sites of the genome (Tanaka et al. 2001). Indeed, using in vitro
nucleosome reconstitution, the CENP-B dimer was proposed to bind two CENP-B
boxes and fold the alphoid DNA to induce nucleosome positioning between two
CENP-B boxes that are present every other monomer (Yoda et al. 1998). In this
view, two nucleosomes are expected to be between two CENP-B/DNA complexes.
Recently, high-resolution chromatin immunoprecipitation (ChIP) followed by
clustering of sequence data revealed an enrichment of a dimer of 340 bp a-satellite
containing two adjacent CENP-A nucleosomes on either side of a CENP-B box
(Henikoff et al. 2015). Further, high-resolution CENP-A mapping at all native
human centromeres (except the Y) revealed phasing of CENP-A between CENP-B
boxes (Y. Nechemia-Arbely, K.H. Miga and D.W. Cleveland, personal commu-
nication) as observed for HORs of the X chromosome, with CENP-A-nucleosome
positions peaking between the CENP-B boxes (Hasson et al. 2013). Surprisingly,
phasing of CENP-A nucleosomes on a-satellite was also observed on HORs of the
Y chromosome, on non-functional CENP-B boxes (Hasson et al. 2013) or fol-
lowing genetic depletion of CENP-B (Y. Nechemia-Arbely, K.H. Miga and D.W.
Cleveland personal communication), demonstrating the existence of a
CENP-B-independent nucleosome phasing.

6 Loading of Nascent CENP-B at Centromeric Regions

The timing and the molecular control of CENP-B loading at the centromere are
currently not well understood. A pioneering approach was done using fluorescence
recovery at photobleached centromeres (FRAP) on ectopically expressed
GFP-tagged centromeric proteins to reveal that CENP-B is highly dynamic during
G1- and S-phases (the complete pool of CENP-B turns over at centromeres within
1 h during these phases) to then be stably bound to kinetochore during G2 and M
(Hemmerich et al. 2008). This increased CENP-B stability in G2 requires its
dimerization domain and might be involved in mediating higher order chromatin
structure by nucleosome positioning (Yoda et al. 1998) or kinetochore stability by
stabilizing CENP-C (Fachinetti et al. 2015). Tachiwana and colleagues (Tachiwana
et al. 2013) found that the human Nap1, an acidic histone chaperone, stimulates
CENP-B binding to CENP-A or H3 mono-nucleosome containing CENP-B boxes
in vitro. Remarkably, Nap1 also has an opposite activity on CENP-B; its interaction
with CENP-B inhibits its non-specific binding to non-centromeric DNA, similarly
to its previously described inhibitory activity for non-nucleosomal histone–DNA
interaction (Andrews et al. 2010). How Nap1 achieves these contrasting functions is
not clear, although its highly acidic core is likely to be involved.
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Recently, ADA3 (alteration/deficiency in activation 3)—a component of the
transcriptional activator and histone acetyltransferase (HAT) complexes that control
faithful mitotic progression (Orpinell et al. 2010)—was shown in mice to interact
with a-satellite DNA and CENP-B both in vitro and in vivo (Mohibi et al. 2015).
Conditional KO mice rescued with a ADA3 mutant unable to bind CENP-B
undergo cell proliferation arrest and show an increase in chromosome segregation
defects and abrogation of centromeric CENP-B recruitment. Altogether, the authors
conclude that ADA3 binding to centromeric regions is required for CENP-B
loading. Although this study provided new insights into CENP-B localization, how
ADA3 regulates CENP-B loading is not known.

The binding of CENP-B to DNA was also recently proposed to be auto regulated
via post-translational modifications. Mass spectrometry analysis of a transiently
transfected tagged CENP-B revealed that the N-terminal region of CENP-B is
trimethylated by the a-N-methyltransferase NRMT at every stage of the cell cycle
(Dai et al. 2013). Interestingly, the N-terminal methylation of CENP-B enhances its
binding to CENP-B boxes, likely via an increase of electrostatic interactions with
the DNA phosphate group, and increases under stress conditions such as cell
density or heat shock.

7 CENP-B and Its Role in Centromere Function: From
CENP-A Deposition to Chromosome Segregation

For many years, the biological role of CENP-B has been enigmatic and still now
remains poorly defined. Sequence homology studies have linked CENP-B to pogo-
like transposases and Tigger elements (Kipling and Warburton 1997; Casola et al.
2008; Mateo and González 2014) and suggest a putative 3′ nicking activity that
would involve CENP-B in the evolution of the a-satellite DNA. This, together with
activity of the CENP-B dimerization domain, might contribute to the high-order
structure of the centromeres by promoting recombination hotspots and therefore by
modifying the expansion of a-satellites (Kipling and Warburton 1997). Indeed,
many in vivo studies throughout the years arrived to the same conclusion that
CENP-B is not an essential factor in centromere function. Nevertheless, other
indications from concurrent studies attributed several roles for CENP-B in cen-
tromere function, including chromosome segregation. What role, then, does
CENP-B play at the centromere, and why has the protein been so conserved
throughout mammalian evolution?

CENP-B can be found on inactive centromeres of stable dicentric chromosomes
or chromosome-containing neocentromeres, and CENP-B boxes (and consequently
CENP-B) are absent from the male Y chromosome and neocentromeres, even
though kinetochore formation is functional. However, centromere composition of
the Y chromosome or neocentromere-containing chromosomes are compromised
(Fachinetti et al. 2015) leading to high rate of mis-segregation of the Y chromosome
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in tissue culture cells (Hoffmann et al. 2016; Ly et al. 2016). In addition, the loss of
the Y in peripheral blood cells (Forsberg et al. 2014) has been linked to
non-hematopoietic tumors in elderly men and can act as a predictive biomarker in
oncogenesis (Forsberg et al. 2014; Dumanski et al. 2015; Noveski et al. 2016).

The idea that CENP-B has no main role in centromere function was initially
suggested when three independent studies conducted in mice concluded that
mutations in CENP-B do not affect viability (Hudson et al. 1998; Perez-Castro et al.
1998; Kapoor et al. 1998). However, Hudson et al. reported lower body weight,
reduced testicles size and sperm content in CENP-B KO mice, although these
phenotypes were not found by the two other studies. The work by the A. Choo lab
was followed up by two additional studies: Fowler et al. reported the first significant
phenotype of CENP-B gene disruption in female null mice showing abnormal
uterine epithelium (where CENP-B is highly expressed) and reproductive dys-
function (Fowler et al. 2000). Interestingly, uterine epithelial tissue is known to be
highly mitotically active (Epifanova 1958). The authors suggested a direct impli-
cation of CENP-B in human uterine pathologies related to altered fertility. A further
study refined the role of CENP-B in female reproductive performance in which they
described the loss of fertility over a number of generations due to a decline in
endometrial glands’ numbers (Fowler et al. 2004), although the molecular mech-
anisms involved are undefined. However, it is important to note that aneuploidy rate
was not examined by the three teams who produced CENP-B null mice.
Recognizing that remarkable somatic aneuploidy can indeed be generated in mice
without a strong phenotype or significant shortening of life span (Michel et al.
2001; Weaver et al. 2007; Jeganathan et al. 2007), it is possible that mice deficient
in CENP-B develop somatic aneuploidy. Indeed, in vitro analysis on mouse
embryonic fibroblasts (MEFs) derived from one of the CENP-B-KO mice studies
(Kapoor et al. 1998) showed an increased rate of chromosome mis-segregation and
kinetochore defects following CENP-B loss (Fachinetti et al. 2015). Further anal-
ysis in vivo would be required to test this crucial issue.

Due to the unexpected results of the in vivo CENP-B KO and to the existence of
a closely related family of single copy genes named Tigger-derived (TIGD) (Smit
and Riggs 1996), it was also proposed that putative CENP-B paralogs might be
redundant for centromere function, as was observed in fission yeast (Irelan et al.
2001). This hypothesis was recently weakened following immuno-localization on
three different TIGD proteins that revealed no centromere binding, therefore
strongly suggesting that CENP-B acts alone without functionally redundant part-
ners (Marshall and Choo 2012).

7.1 CENP-B and Its Direct Role in Chromosome
Segregation

In terms of centromere localization, analysis of metaphase chromosomes using
immuno-electron microscopy revealed that the majority of CENP-B is absent from
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the outer kinetochore plate, but rather it is located just beneath it into the
a-satellite-rich heterochromatin domain (Cooke et al. 1990). These results are in
contrast to a previous finding that analyzed the distribution of centromeric proteins
using ACA staining (Brenner et al. 1981). However, recently, more reports indicate
direct interaction between CENP-B and inner centromeric components such as
CENP-A and CENP-C as described below.

First evidences that implicate CENP-B in centromere function come from H.
Masumoto’s lab. Using a yeast two-hybrid assay for screening of a cDNA library,
his team revealed an unexpected interaction between CENP-B acidic residues (368–
599 a.a.) and two different Mif2 homology domains of CENP-C (Suzuki et al.
2004). These interactions were confirmed using an in vitro GST/HIS pulldown
assay on purified recombinant proteins (Fachinetti et al. 2015). In vivo data showed
that overexpression of a truncated CENP-B (containing only its DNA binding
domain or lacking the CENP-C interacting sites) drives a cell cycle delay in
metaphase by altering CENP-C assembly at centromeres (Suzuki et al. 2004).
Accordingly, CENP-B gene depletion in both human or mouse cell lines caused a
two-fold reduction of the level of centromere-bound CENP-C, that in turn affected
the stability of the kinetochore complex leading to an increase in chromosome
mis-segregation and aneuploidy (Fachinetti et al. 2015). Recently, using rapid
depletion of endogenous CENP-A in human cells, it was shown that CENP-B
binding to alphoid DNA is necessary and sufficient for kinetochore anchoring via
CENP-C and for maintenance of chromosome segregation fidelity in the first
mitosis on CENP-A-depleted centromeres (Hoffmann et al. 2016). Similarly,
CENP-B via the CENP-A amino-terminal tail was demonstrated to maintain faithful
chromosome segregation (except for the Y chromosome; Ly et al. 2016) in cells in
which the CENP-A/CENP-C interaction was abolished (Fachinetti et al. 2013).
Indeed, removal of CENP-B led to mitotic failure and cell lethality following
complete replacement of CENP-A with a chimeric variant in which the
carboxy-terminal tail—the CENP-C-recruiting site—was substituted with the cor-
responding region of histone H3. Finally, base-pair resolution genomic analysis for
mapping of centromeric proteins revealed that two CENP-C molecules dimerize
over a CENP-B box flanked by two CENP-A nucleosomes and that CENP-T,
essential for kinetochore formation (Foltz et al. 2006; Wood et al. 2016), resides on
top of this CENP-B box (Henikoff et al. 2015; Thakur and Henikoff 2016).

All of these findings implicate CENP-B as an important member of the cen-
tromere complex modulating centromere function that, together with CENP-A
chromatin, acts as a major link from the DNA to the kinetochore to mediate suc-
cessful chromosome segregation (Fig. 3). It is tantalizing to hypothesize that a
correlation might exist between the number of CENP-B binding sites, respectively,
present at the centromere of each chromosome and the fidelity of their segregation
during mitosis.

In support of the above-mentioned hypothesis is the theory that the “stronger”
centromeres preferentially segregate to the egg due to higher amount of centromere
proteins that might attract more spindle microtubules during the female asymmetric
meiosis. This model—meiotic drive—could explain the positive evolution of the
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centromere, in response to the modification of the DNA satellite sequence (Malik
and Henikoff 2001; Henikoff et al. 2001). In other words, the evolution of alphoid
DNA toward a higher number of CENP-B boxes would allow higher deposition of
CENP-A and CENP-C at the centromere through binding to CENP-B, and hence
reinforce the centromere. Indeed, the absence of this female-specific selection at the
male chromosome could justify the absence of CENP-B boxes only at this cen-
tromere sequence. This model of the “stronger centromeres” retained in the egg was
recently supported by comparing a standard laboratory mouse strain with wild mice
harboring a conserved Robertsonian (Rb) fusion (Chmátal et al. 2014). In this
approach they observed that in a particular genetic background Rb metacentric
fusion recruited more kinetochore protein (Hec1) and, consequently, are preferen-
tially transmitted. Further, this model was supported by the comparison of the
centromeric histone H3 evolution in several clades with asymmetric meiosis and
clades with symmetric meiosis (no meiotic drive pressure) using codon-substitution
models (Zedek and Bureš 2016). This study revealed that the clades with asym-
metric meiosis underwent histone H3 evolution more frequently in order to avoid
the negative consequences of the meiotic drive.

7.2 De Novo Centromere Formation

Other than directly controlling the stability of the kinetochore complex before or
during mitosis, previous work mainly using artificial chromosomes placed CENP-B
in modulating centromere formation. The first eukaryotic artificial chromosome
vectors were engineered in budding yeast (Yeast Artificial Chromosome, YAC) in
the beginning of the 1980s (Murray and Szostak 1983). They consisted in a linear
plasmid carrying the essential and minimal elements such as DNA origins of
replication, the functional centromere DNA components and telomeres. The seg-
regation of linear YACs is highly dependent on their size, with a decrease in
frequency of loss with increasing length, and on the position of the centromere
(Murray and Szostak 1986). Artificial chromosome vectors were subsequently
developed in bacteria (Bacterial Artificial Chromosome, BAC) (Woo et al. 1994)
and in mammalian/human systems (Mammalian Artificial Chromosome and
Human Artificial Chromosome, MAC and HAC) (Harrington et al. 1997; Ikeno
et al. 1998). Although HACs have a lower mitotic stability than endogenous
chromosomes, it was shown that the centromere of a HAC behaves as its natural
counterpart during mitosis in terms of chromosome alignment, chromatid cohesion
and assembly of the kinetochore-dependent checkpoint (Tsuduki et al. 2006).

Of interest for this review, artificial chromosomes were used to study the
molecular mechanism necessary to form de novo centromere assembly. Masumoto
and colleagues defined the necessity of having the type I alphoid DNA and
CENP-B boxes on these mini-chromosomes (using genomic DNA derived from a
mouse/human chromosome 21) to form functional centromeres (Ikeno et al. 1998;
Masumoto et al. 1998; Ohzeki et al. 2002). By testing four different synthetic
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repetitive sequences, combining alphoid or non-alphoid DNA with (or without)
point mutations in CENP-B boxes (to create non-functional CENP-B boxes), they
found that only the association of the alphoid DNA type I sequence with a func-
tional CENP-B box led to MAC formation with de novo centromere chromatin
assembly [measured by scoring for CENP-A assembly; (Ohzeki et al. 2002)]
(Fig. 4). Further, both alphoid DNA length and density of CENP-B boxes directly
impacted the efficiency to form functional HACs (Okamoto et al. 2007). A BAC
containing 60 kb of satellite DNA (30 kb length as a minimum functional core)
with five functional CENP-B boxes/11-monomer repeating units promotes cen-
tromere nucleation (27% success rate of HAC formation in HT1080 cells) and
spreading/maintenance of CENP-A nucleosome. Along the same lines, artificial
chromosomes containing a-satellite DNA from chromosome Y, devoid of CENP-B
boxes, are unstable and circularize (Taylor et al. 1996), and are unable to form de
novo centromeres in HACs (Mejía et al. 2002).

The requirement for CENP-B boxes for centromere establishment was also
confirmed in mouse cells using BACs constituted of 60 kb of human alphoid DNA
(Okada et al. 2007). These evidences also provided proof of the importance of
CENP-B itself for CENP-A deposition and HAC formation. Further, an additional
role for CENP-B was proposed in the prevention of extra-centromere formation
when a centromere is already established. In chromosomally integrated alphoid
DNA, CENP-B binding enhances H3K9me3 and subsequently CpG methylation
(except at its binding site) leading to an inactive chromatin state at these ectopic
sites, therefore preventing CENP-A incorporation (Fig. 4). These molecular
mechanisms controlled by CENP-B might have implications in centromere
silencing such as in pseudo-dicentric chromosomes in which one centromere has
been inactivated. The role of histone modifications in centromere formation was
further investigated using HACs (Bergmann et al. 2011; Ohzeki et al. 2012; for
more information, see the Chapter “Artificial Chromosomes and Strategies to
Initiate Epigenetic Centromere Establishment” by Barrey and Heun).

Based on these findings, another intriguing possibility is that CENP-B interacts
with CENP-A nucleosomes to promote its incorporation into the chromatin. Indeed,
in vitro GST-binding assays showed that CENP-B interacts with the first 29 a.a. of
the amino-terminal tail of CENP-A, but not with a CENP-A mutant lacking the
N-tail (Fachinetti et al. 2015) or with a H3 (in complex with H4) chimera con-
taining only the CATD domain of CENP-A (Fujita et al. 2015). It was proposed that
interactions via the first 29 a.a. of CENP-A are required to stabilize CENP-B at
centromeric regions, as removal of the N-tail reduces CENP-B levels at centromere
(Fachinetti et al. 2015), similar to what was observed in the complete absence of
CENP-A (Fachinetti et al. 2013). In vitro reconstitution of CENP-A or H3 nucle-
osomes demonstrated that CENP-B forms a stable complex preferentially with
CENP-A nucleosomes and that the proximal position of CENP-B boxes increases
its binding (Fujita et al. 2015). Moreover, in human cells, ChIP analysis and
quantitative PCR on alphoid DNA BAC revealed that a CENP-B box mutant has a
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lower retention capacity of CENP-A nucleosome to incorporate into chromatin
(Fujita et al. 2015). This suggests that CENP-B binding to the CENP-B box is
involved in the stabilization of a pre-assembled CENP-A nucleosome, although
CENP-B depletion in cells only slightly affects centromeric CENP-A levels
(Fachinetti et al. 2015). How CENP-A/CENP-B interaction is mediated and con-
trolled are still open questions. It is likely that the string of acidic subdomains of
CENP-B (Earnshaw et al. 1987) could capture the amino-terminal tail of histones
that are normally basic domains.

Altogether, these studies may question the exclusive epigenetic nature of the
centromere; despite the fact that centromere identity is epigenetically determined—
therefore without DNA sequence commitment—CENP-B could be a missing key
element for proper centromere function.

HT1080, MEF

de novo CENP-A
 assembly and spreading

Functional centromere 
 HAC stable transmission

MEF

) ))A

No CENP-A assembly

) ))A) ))A

No functional centromere 
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B-/-

Mutated CENP-B box 

X

B+/+

HT1080, MEF

B+/+
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Stable integration
into chromosome
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K9me3

H3
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Fig. 4 De novo centromere formation is controlled by CENP-B and DNA sequence. A certain
length of alpha-satellite DNA sequence containing CENP-B boxes is required for CENP-B binding
and subsequent for CENP-A assembly for Human/Mouse Artificial Chromosome (HAC/MAC)
formation and stability. HAC containing a DNA sequence with mutation in CENP-B boxes is
unstable and lost. Additionally, when the HAC is integrated into the chromosome that contain
already a functional centromere, CENP-B promotes Histone H3-K9 trimethylation and DNA
methylation to prevent new CENP-B binding and extra-centromere formation. See the main text
for more details
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8 CENP-B and Its Implication in DNA Replication

The molecular function of CENP-B had also been associated to DNA replication
with several studies performed on the three CENP-B homologs found in fission
yeast, Ars binding protein 1 (Abp1) and CENP-B homologs 1 and 2 (cbh1/2)
(Halverson et al. 1997; Lee et al. 1997; Baum and Clarke 2000; Irelan et al. 2001).
Using a yeast two-hybrid system, Abp1 has been shown to interact with the DNA
replication protein Cdc23 (Locovei et al. 2006). In particular, Abp1 has been shown
to be important specifically in the initiation of DNA replication since G1-cells
depleted for Abp1 delayed entrance in S-phase. In support of this, fission yeast
CENP-B homolog Abp1 regulates fork directionality of mating-type switching
(Aguilar-Arnal et al. 2008). Even further, the Martienssen group proposes that in
fission yeast CENP-B plays a role in replication fork stability; indeed, CENP-B was
demonstrated to co-localize with the DNA binding factor switch-activating protein
1 (Sap1) at the long terminal repeat (LTR) of retrotransposons (Zaratiegui et al.
2011). While Sap1 blocks the progression of the replication forks [as previously
described for the ribosomal DNA to ensure fork directionality (Krings and Bastia
2005)], CENP-B might raise the Sap1-dependent barrier to promote progression of
the replication fork and to stabilize it. It is tantalizing to speculate that CENP-B
could control replication fork progression and stability to prevent chromosome
breaks and rearrangements also in higher eukaryotes, especially considering that
peri or centromeric regions are enriched for retrotransposons.

Evidence supporting an involvement of CENP-B in DNA replication in humans
was recently found using HAC or analyzing HORs of chromosome 5 or X
(Erliandri et al. 2014). By modulating the chromatin context, CENP-B was sug-
gested to contribute to regulating the replication of alpha-satellite repeats, where
DNA replication of centromeric regions initiated. Indeed, some a-satellite DNA
blocks that are preferentially enriched in CENP-B boxes are recognized by the
replication machinery and are involved in the establishment of pre-replication
complexes, in which CENP-B (likely indirectly via heterochromatin formation)
might negatively regulate the assembly of multiple origins on these arrays. Further
studies are required in this direction, but these new discoveries open a perspective
to consider CENP-B as a “structural factor” that may influence chromatin confor-
mation, through its dimerization, for the regulation of the assembly of the
pre-replication complex, in line with its role in nucleosome positioning. This could
explain why the patterns of CENP-B distribution at centromeres are also regulated
by DNA methylation.
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9 DNA Methylation and Centromere

Epigenetic modifications such as DNA methylation of cytosine are known to reg-
ulate heterochromatin formation (Okano et al. 1999; Xu et al. 1999; Bachman et al.
2001). Within the monomer of the alpha-satellites three CpG sites have been found
and curiously, two of them are within the CENP-B box (Choo et al. 1991).
Interestingly, some studies reported that CpG dinucleotide methylation of the
CENP-B boxes regulates the binding of CENP-B. Indeed, global reduction of CpG
methylation (including the alphoid DNA) using 5-aza-2′-deoxycytidine in mouse
cells leads to a redistribution of CENP-B binding to a bigger domain than usual
(Mitchell et al. 1996).

In agreement with these results, an in vitro complex-reconstitution assay of
CENP-B DNA binding domain (1–129) with methylated or unmethylated CENP-B
box DNAs revealed that CpG methylation of both sites decreases CENP-B affinity
for CENP-B box DNA almost to no DNA specificity (Tanaka et al. 2004). Indeed,
the addition of a methyl group was proposed to cause a steric clash with the side
chain of residues 44 (threonine) and 125 (arginine) of the DNA binding domain of
CENP-B (Tanaka et al. 2001, 2004). Similar results were confirmed in MEFs using
HAC formation in which it was demonstrated that methylation of only one residue
reduced CENP-B binding (Okada et al. 2007). The role of this epigenetic regulation
and how it may be directly relevant for centromere biology still needs to be tested.
It is likely that methylated CENP-B boxes are required to limit the available sites
for CENP-B to confine the active centromere. In this regard, chromosomally
integrated HACs, but not stable extrachromosomal HACs, showed a
CENP-B-dependent hypermethylation, suggesting that DNA methylation nega-
tively regulates CENP-B binding to CENP-B boxes and consequently inhibits
CENP-A incorporation (Okada et al. 2007) (see above). Alternatively, a link
between CENP-B box methylation and CENP-B binding has been proposed in the
context of centromeric heterochromatin formation involving RNAi machinery
(Tanaka et al. 2004). In this view, CENP-B binding to DNA might inhibit the
production of RNA transcripts in proximity of CENP-A nucleosomes. Additionally,
the transcription of alpha-satellite in CpG methylated CENP-B boxes is required to
maintain heterochromatin formation (as in fission yeast) or to support centromere
function. Further, DNA methylation at centromeres has been described as a regu-
lator of centromere transcription levels that might influence the mitotic chromo-
somes’ dynamics (Fuks 2005).

The role of DNA methylation at centromeric regions goes beyond the regulation
of CENP-B binding. For example, the DNA methyl transferase DNMT3B,
responsible for de novo DNA methylation, was demonstrated to localize at peri-
centromeric and centromeric regions (Okano et al. 1999; Bachman et al. 2001;
Chen et al. 2004) and its centromeric localization to be dependent on a direct
interaction with CENP-C via its C-terminal domain, mainly during mitosis
(Gopalakrishnan et al. 2009). This interaction was initially identified with yeast
two-hybrid screening and subsequently in vivo by co-immunoprecipitation of
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transiently transfected components. The authors also proposed a cooperative
interaction between CENP-C and DNMT3B necessary to reinforce their cen-
tromeric binding and to maintain the correct epigenetic marks (such as H3K4me2/3,
H3K9me2/3 and H3K27me3) and ensure proper chromosome segregation.

A similar cooperative interaction was observed between Mis18a [a subunit of
the Mis18 complex required for centromere priming and CENP-A deposition
(Fujita et al. 2007)] and DNMT3A/B in MEFs (Kim et al. 2012). Surprisingly,
despite CENP-C playing a role in M18BP1 (Moree et al. 2011) and DNMT3B
(Gopalakrishnan et al. 2009) recruitment to centromere, it is not necessary for
Mis18a and DNMT3A/B interaction.

Another link between DNA methylation and centromere came from depletion of
DNMT3A/B in mice that led to deregulation of mitotic recombination at cen-
tromeric regions with changes in the length of the repeat units (Jaco et al. 2008).
This correlation between DNA methylation and centromere function/stability can at
least partially explain the phenotype observed in patients with a rare disorder due to
DNMT3B mutation, the Immunodeficiency, Centromeric region instability, and
Facial anomalies (ICF) syndrome (Wijmenga et al. 1998; Okano et al. 1999).
Some ICF patients exhibit hypomethylation of peri/centromeric regions, DNA
breaks, and increase in chromosome decondensation and chromosome segregation
errors (Ehrlich et al. 2008).

Altogether, these evidences implicate DNA methylation (directly or indirectly)
as an important player for maintenance of centromere identity and function.
However, more studies are required to understand its exact role in these processes.

10 Other Centromeric Proteins with DNA Binding
Activity

As discussed above, CENP-B is the only known CENP with a DNA binding
domain specific for a centromeric sequence (the CENP-B box). However, DNA
binding domains have been found in other components of the CCAN, although
without apparent DNA sequence specificity. For example, by expressing a series of
truncated versions in E. coli, it was demonstrated that CENP-C has a DNA binding
domain within its central domain (398–498 a.a.) (Sugimoto et al. 1994, 1997),
further confirmed using in vitro assays (422–537 a.a. that might contain two
independent DNA binding domains) (Yang et al. 1996) and in vivo (Politi et al.
2002). However, no DNA binding specificity was identified in vitro (Yang et al.
1996).

On the contrary, Della Valle and colleagues demonstrated that CENP-C is
preferentially associated with a-satellites and comparison of CENP-B/DNA and
CENP-C/DNA complexes revealed that they recognize the same types of
alpha-satellite DNA but of different centromere domains (Politi et al. 2002). The
discrepancy with the in vitro data might be due to missing cooperative interactions
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that are, on the contrary, present in vivo. If and to what extent the interaction of
CENP-C with DNA other than its interaction with CENP-A (Carroll et al. 2010) is
required for its deposition at centromeres are uncertain. However, the DNA binding
activity of CENP-C suggests an intriguing correlation with centromere specifica-
tion, possibly in cooperation with CENP-B. This idea is supported by in vivo
evidence that, using an ectopic artificial system to recruit centromere components
(LacO/I and TetO/R), shows that CENP-C can recruit CENP-A—via an interaction
with the Mis18 complex—to form an ectopic and functional kinetochore (Hori et al.
2013; Shono et al. 2015).

DNA binding domains were also identified for the CENP-T-W-S-X complex
(Nishino et al. 2012). Indeed, contact with DNA sequence has been shown to be
essential to form a functional kinetochore in chicken DT40 cells. High-resolution
structural analysis demonstrated that CENP-T-W-S-X form a nucleosome-like
structure involving DNA binding sites, although whether this structure exists
in vivo remains undetermined and no DNA sequence specificity was identified.

11 Concluding Remarks

In the last two decades, researchers mainly concentrated their efforts in identifying
the epigenetic mechanism for centromere maintenance and function. However, the
existence of an evolutionarily conserved a-satellite DNA sequence and a conserved
consensus sequence (CENP-B box) for a specific DNA binding protein (CENP-B)
emphasizes the importance of a genetic contribution to centromere function. Many
different possible roles of centromeric DNA sequences have emerged.

Alphoid DNA has been implicated in creating a unique DNA topology at cen-
tromeric regions possibly required to facilitate recombination between repeats
(McFarlane and Humphrey 2010) that might have consequences in centromere
specification during meiosis. Certainly, centromeric DNA contains unique features
such as accumulation of topological constrains [e.g., ultrafine anaphase bridges;
(Baumann et al. 2007; Chan et al. 2007)] and a unique DNA replication machinery
that relies on one DNA repair mechanism (Aze et al. 2016). Further, transcription is
known to exist and to play a major role in centromere maintenance and function
(see review Rošić and Erhardt 2016). Formation of heterochromatin at the peri-
centromeric regions might also be dependent on repetitive sequences (for review
see Bierhoff et al. 2014; Biscotti et al. 2015). Finally, a-satellites are binding sites
for a range of centromeric proteins, from CENP-A to sequence-specific DNA
binding proteins such as CENP-B, to other putative DNA binding proteins such as
CENP-C and CENP-T, and are sites of epigenetic marks such as DNA methylation.
CENP-B binding to centromeric regions is also required to sustain centromere
formation and kinetochore assembly and to control DNA replication. All these
aforementioned roles of DNA sequences (and CENP-B) in centromere biology
highlight the importance of studying the mechanisms of de novo centromere for-
mation and maintenance in the native context of the centromere.
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The Unique DNA Sequences Underlying
Equine Centromeres

Elena Giulotto, Elena Raimondi and Kevin F. Sullivan

Abstract Centromeres are highly distinctive genetic loci whose function is specified
largely by epigenetic mechanisms. Understanding the role of DNA sequences in
centromere function has been a daunting task due to the highly repetitive nature of
centromeres in animal chromosomes. The discovery of a centromere devoid of
satellite DNA in the domestic horse consolidated observations on the epigenetic
nature of centromere identity, showing that entirely natural chromosomes could
function without satellite DNA cues. Horses belong to the genus Equus which
exhibits a very high degree of evolutionary plasticity in centromere position and
DNA sequence composition. Examination of horses has revealed that the position
of the satellite-free centromere is variable among individuals. Analysis of cen-
tromere location and composition in other Equus species, including domestic
donkey and zebras, confirms that the satellite-less configuration of centromeres is
common in this group which has undergone particularly rapid karyotype evolution.
These features have established the equids as a new mammalian system in which to
investigate the molecular organization, dynamics and evolutionary behaviour of
centromeres.

1 Introduction

Centromeres are the enigmatic loci that specify the site of kinetochore formation
during mitosis and meiosis. Unravelling the structure and functional organization of
the centromere has been a daunting task due to the surprising variety of DNA
sequences and strategies involved in centromere formation, known as the cen-
tromere paradox (Henikoff et al. 2001). How does a rapidly evolving DNA
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compartment support the highly conserved mechanism of chromosome segregation?
As it has become apparent that centromere determination depends largely on the
epigenetic mechanism of CENP-A deposition, the question of how centromere
chromatin is organized to deliver centromere function has sharpened (Karpen and
Allshire 1997; Ekwall 2007; Panchenko and Black 2009). Understanding how
DNA supports this mechanism is a central goal of current work.

Centromeric DNA in most metazoans is comprised of tandemly repeated arrays
of satellite DNA, typified by alpha satellite DNA in primates (Willard 1991),
generally flanked by other classes of repetitive DNAs and segmental duplications
(She et al. 2004). With a repeat size of 171 bp, alpha satellite forms higher order
repeats (HOR) of 2 to over 16 monomers which are themselves repeated in arrays
ranging from *200 kb to >5 Mb. These properties of alpha satellite domains are
characteristic of metazoan centromere organization, although the sequences that
comprise centromere repeats are highly variable in evolution (Alkan et al. 2011).
One consequence of this molecular structure is that it has been exceedingly difficult
to determine the sequence of genomic centromere domains, which are not fully
assembled in current whole genome assemblies (Hayden et al. 2013). Without a
primary sequence based map it is difficult to investigate the molecular organization
of centromeric chromatin, which dictates the functional properties of the locus.

Unusual behaviour of metazoan centromeres with respect to the DNA they are
associated with emerged from two lines of investigation. The first was the discovery
of analphoid neocentromeres in human patients, centromeres in novel locations that
lack alpha satellite DNA (Voullaire et al. 1993; Tyler-Smith et al. 1999; Marshall
et al. 2008). Coupled with the observation that alpha satellite domains on certain
stable dicentric chromosomes were inactive in binding centromere proteins and in
mitosis (Earnshaw et al. 1989), neocentromeres showed that alpha satellite DNA is
neither necessary nor sufficient for centromere function. Precise localization of a
neocentromere derivative of human chromosome 10 allowed for identification of
the DNA sequences supporting centromere function at this locus, revealing it to be
identical with the normal sequence, completely devoid of alpha satellite DNA
(Saffery et al. 2000; Barry et al. 2000). The observation that neocentromeres are
heritable for multiple generations (Tyler-Smith et al. 1999; Amor et al. 2004)
proved that these loci are fully functional centromeres.

The second set of observations that challenged thinking about stable, DNA
sequence directed centromeres in vertebrate organisms are those identifying evo-
lutionary centromere repositioning (Rocchi et al. 2012). Using comparative
hybridization of ordered BAC clones to examine the evolutionary history of primate
karyotypes it was shown that centromeres moved on chromosomes without change
in marker order (Montefalcone et al. 1999). In other words, centromere movement
occurred without any detectable chromosome rearrangement. These repositioned
loci are known as evolutionarily new centromeres or ENCs. Centromere reposi-
tioning is a significant contributor to karyotype evolution. The macaque possesses
nine ENCs (Ventura et al. 2007) while the human lineage possesses five ENCs
(Stanyon et al. 2008). Despite the relative youth of these centromeres, these primate
ENCs were all associated with alpha satellite DNA, suggesting that alpha satellite

338 E. Giulotto et al.



becomes associated with primate centromeres as a normal part of their develop-
ment. The molecular mechanisms associated with this process are currently
obscure, although detailed analysis of alpha satellites in human chromosomes
indicates that recombination events repeatedly insert alpha satellite DNA in the core
of the centromere over evolutionary time (Shepelev et al. 2009). Interestingly, on
human chromosome 17 the centromeric function can be linked to two different
alpha satellite families (Maloney et al. 2012), giving rise to functional alleles.

Taken together, these series of observations have documented a remarkable
plasticity in centromere identity with respect to its chromosomal substrate. As the
centromere has emerged as a locus whose identity is specified by epigenetic
mechanisms, understanding the role of this unique mechanism in the evolutionary
behaviour of chromosomes has become a key issue. As well, the satellite-free
centromeres provide a unique sequence substrate amenable to molecular analysis,
providing a view into the centromere that has been obscured by the difficulty to
dissect satellite DNA based centromeres. In this respect, the horse and related
species of the young genus Equus have emerged as an important mammalian
system for investigation of the molecular architecture and evolution of the
centromere.

2 Why the Genus Equus? from Horse Passion to Novel
Scientific Findings

The reasons why a researcher works on a project can be very different and it is out
of the scope of this book to discuss this matter in detail, however, we would like to
briefly describe the history of our scientific interest in equid centromeres. Indeed,
everything started from the passion for horses of one of us. Very little was known
on the horse genome at that time and the initial decision to work on the genomics of
these animals was dictated by the desire to interact with them not only in the leisure
time but also at work. These studies brought to the characterization of different
types of repetitive DNAs (Anglana et al. 1996a, b; Scocchi et al. 1999; Nergadze
et al. 2010; Raimondi et al. 2011; Santagostino et al. 2015) and to the cloning of the
major centromeric satellite DNA families. Surprisingly, in spite of several cloning
attempts and FISH mapping experiments, we were unable to identify satellite
repeats at the centromere of one chromosome pair, horse chromosome 11 (ECA11)
(Wade et al. 2009). Even more surprising was the observation that in other species
of the genus Equus satellite DNA seemed to be missing at several centromeres
while present at a number of chromosome ends. These early observations were
extended and included in more recent publications (Piras et al. 2009, 2010).

At that time, although the absence of satellite DNA had been already observed at
some clinical human neocentromeres (Warburton et al. 2000; Amor and Choo
2002), the hypothesis that satellite-free centromeres might constitute a stable
component of mammalian karyotypes seemed bizarre. This hypothesis was only
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supported by cytogenetic data: the possibility that short stretches of tandem repeats,
undetectable by FISH, might be present at the ECA11 centromere could not be
excluded. Sequencing data were needed but the horse genome was far from being
assembled. At the same time, studies at a cytogenetic level had revealed the phe-
nomenon of evolutionary centromere repositioning (Montefalcone et al. 1999).
A large body of evidence suggested that the genus Equus evolved very rapidly and
we wondered whether, in these fast evolving karyotypes, the peculiar localization of
satellite DNA might be related to centromere repositioning events that occurred in
recent evolutionary times. We discovered that centromere repositioning had been
exceptionally frequent during the evolution of this genus (Carbone et al. 2006; Piras
et al. 2010) and one of the repositioning events involved exactly ECA11, thus
supporting our prediction. When the international collaboration, Horse Genome
Project (http://www.uky.edu/Ag/Horsemap/), started to sequence the horse genome,
we were able to take advantage of the assembly being produced, (Wade et al. 2009),
to prove that the centromere of this chromosome was completely devoid of
extended arrays of tandem repeats demonstrating that a normal mammalian cen-
tromere can exist without satellite DNA. By extending this analysis to other indi-
viduals, we demonstrated that the centromeric function is not coupled to a specific
sequence, but can slide within a relatively wide region (Purgato et al. 2015) giving
raise to “epialleles”. We also showed that, in other equid species, a number of
centromeres are devoid of satellite DNA (Piras et al. 2009, 2010 and unpublished
results). The satellite-less equid centromeres represent a new and powerful model
system: they are present in all individuals of a given species and can therefore be
used as an ideal tool to study the normal mammalian centromere. The non-repetitive
nature of these centromeres is allowing us to study the mechanisms of centromere
movement during evolution and to dissect, at the molecular level, the factors
determining the epigenetic architecture and plasticity of centromeric chromatin.

3 Rapid Karyotype Evolution in the Genus Equus

The order Perissodactyla includes three extant families: Tapiridae, Rhinocerotidae
and Equidae. Paleontological and molecular evidences suggest that the extant
perissodactyl suborders diverged about 56–54 million years ago (Springer et al.
2003). Tapiridae and Rhinocerotidae belong to the suborder Ceratomorpha, while
the family Equidae belongs to the Hippomorpha suborder. The only extant species
of the Equidae family belong to the genus Equus.

Phylogenetic analyses, based on interspecific chromosome painting, allowed the
reconstruction of the hypothetic perissodactyl ancestral karyotype, which comprises
74–78 chromosomes, the ambiguity in chromosome number being due to the
polymorphic state of some perissodactyl chromosomes or to breakpoint reuse and
fusion/fission events (Yang et al. 2003). Following the radiation from the common
ancestor, the karyotypes of Ceratomorpha remained quite stable and similar to what
can be observed in the hypothetical ancestral karyotype, living species showing a
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prevalence of acrocentric chromosomes. On the contrary, Equus karyotypes
underwent an evolutionary acceleration after the divergence from the common
ancestor.

The karyotypes of the living Equus species are characterized by the presence of a
variable number of meta- and submetacentric chromosomes derived from fusions
between ancestral acrocentric elements (Trifonov et al. 2008). Indeed, equids are
considered a representative example of quickly radiating organisms; the eight living
species of the genus Equus comprise: two horses (E. caballus and E. przewalskii),
two Asiatic asses (E. kiang and E. hemionus), one African ass (E. asinus) and three
zebras (E. grevyi, E. burchelli and E. zebra) (Steiner et al. 2012). An analysis based
on the evolution of globin genes suggested that these species shared a common
ancestor about 2–3 million years ago and the extant species emerged about 1
million years ago, that is in a very short evolutionary time (Oakenfull and Clegg
1998); recently, genome sequence data from DNA of living and fossil samples
suggested that the divergence of the Equus lineages from the common ancestor
occurred 4.0–4.5 million years ago (Orlando et al. 2013). This recent divergence
explains the high degree of morphological similarity and capacity to interbreed.
Strikingly, equid karyotypes differ extensively (Ryder et al. 1978; Yang et al.
2003). The variation involves both the structure and the number of chromosomes,
which ranges from 32 in E. zebra to 66 in E. przewalskii. Cross-species chromo-
some painting confirmed the great karyotype variability of this genus (Trifonov
et al. 2008). Data about the chromosomal architecture in different equid karyotypes
indicate that the rate of chromosome changes ranges from 2.92 to 22.2 rear-
rangements per million years, a nearly 80-fold increase compared to the ancient
Ceratomorpha, making the equid karyotype evolution one of the most rapid
observed among mammals (Musilova et al. 2007, 2013; Trifonov et al. 2008).

A further evidence of the evolutionary plasticity of equid karyotype emerged
from our molecular cytogenetic analysis of centromere repositioning (Carbone et al.
2006). We investigated the position of the centromere, with respect to flanking
markers, in the horse, in the donkey, and in the Burchelli’s zebra. The results of
these early studies showed that at least eight centromere repositioning events
occurred in the genus Equus. Surprisingly, at least five of these events arose in the
donkey after its divergence from the zebra, which took place approximately 1
million years ago (Carbone et al. 2006). It must be noted that the number of ENCs
detected in the paper by Carbone and co-workers was underestimated because cell
lines from only three species were investigated and appropriate probes for some of
the chromosomes were missing at that time. In order to identify other possible
ENCs, we subsequently investigated the evolutionary history of horse chromosome
5q in seven species belonging to the genus Equus (E. caballus, E. asinus,
E. burchelli, E. grevyi, E. z. hartmannae, E. h. onager and E. kiang) (Piras et al.
2009). We could identify two further centromere repositioning events involving
donkey chromosome 16 and Burkelli’s zebra chromosome 17, respectively. We
concluded that the phenomenon of centromere repositioning played a key role in
the rapid karyotype evolution of the equids, pointing to these species as a model
system for the analysis of neocentromere formation and of centromere evolution.
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4 Satellite DNA and Centromere Function are Uncoupled
in the Genus Equus

As mentioned above, while analysing the distribution of highly repetitive DNA
sequences in the genome of four equid species (horse—E. caballus, donkey—
E. asinus, Grevyi’s zebra—E. grevyi, and Burchelli’s zebra—E. burchelli), we were
intrigued by the peculiarity of the picture that emerged (Fig. 1). It appeared at a
glance that one centromere in the horse, and a number of centromeres in the donkey
and in the two zebras were devoid of repetitive DNA. On the other hand, in some
chromosomes missing repetitive DNA sequences at the centromere, these were
unexpectedly present at one or both telomeric termini. Details of this analysis are
shown in Fig. 1. The arrows in the figure mark the chromosomes whose cen-
tromeres appear satellite-free at the FISH resolution level, red arrows indicating
those chromosomes missing satellite DNA at the centromere, but having repetitive
DNA sequences located at one or both telomeres. Since our FISH data strongly
suggested that, in equid species, centromere function is uncoupled from satellite
DNA, we performed immuno-FISH experiments on metaphase chromosomes of the
four species using satellite DNA as FISH probe and an anti-CENP-A antibody to
unequivocally localize centromere function. In all the species, it was definitely
demonstrated that the functional centromere coincides with the primary constriction
in satellite-containing as well as in satellite-free centromeres (Wade et al. 2009;
Piras et al. 2010 and unpublished results).

The absence of satellite repeats at some centromeres and their presence at ter-
minal positions are in agreement with our previous observation that several cen-
tromere repositioning events occurred during the evolution of the Equidae (Carbone
et al. 2006; Piras et al. 2009); in this scenario, these evolutionarily recent events
would have generated new centromeres that, at present, are still “immature” and
have not yet acquired the satellite sequence complexity typical of the vertebrate
centromeres described to date. Conversely, the presence of satellite DNA at ter-
minal positions in meta- and submetacentric chromosomes, may be interpreted as
the trace, left over by centromere repositioning events, of ancient, now inactive,
terminal centromeres. In fact, comparative analyses performed using painting
probes suggested that the ancestral Perissodactyla karyotype was probably com-
posed of acrocentric chromosomes (Trifonov et al. 2008).

According to our experimental results, we proposed the model presented in
Fig. 2, where a hypothetical ancestral acrocentric chromosome (Fig. 2a) gives rise
to ENCs. The Equus ENCs are in a still “immature” stage (Fig. 2b or c), while the
previously described ENCs of other orders have acquired satellite DNA reaching
“maturity” (Fig. 2d). The persistence of satellite DNA at some inactivated cen-
tromere sites (Fig. 2b) could be a fossil relic or may be maintained by selective
pressure. On the other hand, the loss of satellite sequences at some inactivated
centromeres, such as the one of ECA11, could be the consequence of recombination
events eliminating functionally irrelevant sequences. It remains to be established
why mature centromeres possess satellite sequences considering that in the genus
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Equus some centromeres can stably function in their absence. The mechanisms
responsible for the accumulation of tandem repeats and the role, if any, of such
repeats during the maturation of ENCs remain obscure.

The complex evolution of satellite sequence distribution in the genus Equus, is
in agreement with the instability and exceptional plasticity of the karyotype of these
species (Ryder et al. 1978; Yang et al. 2003; Trifonov et al. 2008; Musilova et al.
2013). In fact, the centromeric function and the position of satellite DNA turned out
to be often uncoupled. Satellite-less centromeres arose from two different evolu-
tionary events: fusions between ancestral acrocentric chromosomes and centromere
repositioning. The latter event is unexpectedly frequent in this genus and has
occurred independently of the acquisition of satellite DNA. This observation sup-
ports the hypothesis that large blocks of satellite repeats are not necessarily required
for the stability of centromeres. According to this view, satellite repeats may col-
onize new centromeres at a later stage giving rise to “mature” centromeres

Fig. 1 Schematic representation of the FISH signals obtained after fluorescence in situ
hybridization with genomic DNA, detecting total satellite DNA, on metaphase chromosomes
from horse, donkey, Grevy’s, and Burchelli’s zebras. Black arrows point to chromosomes
completely lacking any hybridization signal, red arrows point to chromosomes on which satellite
DNA signal is lacking at the centromere while present at one or both non-centromeric ends
(Modified from Piras et al. 2010)
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according to the pathway schematized in Fig. 2, as has been observed in primate
karyotype evolution (Ventura et al. 2007).

In the horse, the presence of satellite-based together with a satellite-less cen-
tromere makes this species a particularly suitable model for studies on the role of
centromeric tandem repeats. Using two colour FISH on stretched chromosomes and
on combed DNA fibres, the physical relations between the major horse satellite
DNA families (37cen, 2PI, and EC137) at satellite-based centromeres were
investigated (Nergadze et al. 2014). The 37cen sequence consists of a 221 bp repeat
which is 93% identical to the horse major satellite family independently identified
by Wijers et al. (1993) and by Sakagami et al. (1994). The 2PI sequence, is formed
by 23 bp repeated units, belongs to the e4/1 family described by Broad et al.
(1995a, b) and shares 83% identity with it. Finally, the EC137 satellite is composed
of 137 bp long units. Sequence analysis demonstrated that EC137 consensus has no
significant similarity neither with the two previously described Equus satellites, nor
with equid repetitive sequences deposited in RepBase. Comparative in silico
analysis demonstrated that all the three satellite DNA families are equid specific.

We demonstrated that, in the horse genome, 37cen is the most represented
satellite DNA family; its localization coincides with the primary constriction on all
chromosomes except ECA11 and, when it is particularly abundant, spreads in the
pericentromere. On the contrary, the 2PI and EC137 sequences are much less

Fig. 2 Four-step mechanism for the formation of evolutionarily new centromeres in equid
species. a In the ancestral acrocentric chromosome satellite DNA (yellow) and the functional
centromere (red) coincide. b The submetacentric chromosome derived from centromere
repositioning maintained satellite DNA sequences (yellow) at the terminal ancestral position,
while the neocentromere (red) is devoid of repetitive sequences. c The submetacentric
chromosome derived from (b) lost the terminal satellite sequences. d Fully “mature” submeta-
centric chromosome carrying satellite DNA (yellow) at the neocentromere (red) (Modified from
Piras et al. 2010)
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abundant, EC137 being the less represented family, and their localization is mostly
pericentromeric, with partial overlap with 37cen. These results suggest that, in the
horse, the 37cen satellite may be a functional centromeric satellite while the 2PI and
the EC137 sequences may represent accessory pericentromeric elements. Moreover,
while analysing mechanically stretched chromosome preparations (Nergadze et al.
2014), we noted that the 2PI sequence is often present in pericentromeric uncoiled
regions pointing to a role of this satellite DNA family in driving the pericentromeric
heterochromatin supercoiling which is needed for the correct architectural organi-
zation of the centromere core (Blower et al. 2002). The analysis of the arrangement
of the three horse satellite DNA families on combed DNA fibres revealed that small
arrays of the 2PI and of the EC137 satellites (ranging in size from 2–8 kb) are
strictly intermingled and immerged within blocks of the 37cen sequence extending
for hundreds of kilobases. This organization indicates that satellite DNA sequence
interchanges are a frequent occurrence in the highly plastic horse genome.

The functional role of the 37cen satellite DNA sequence at horse centromeres
was definitely confirmed by ChIP-seq and high resolution immune-FISH experi-
ments (Cerutti et al. 2016). Blotting experiments and ChIP-seq on chromatin
immunoprecipitated with an anti-CENP-A antibody demonstrated that, in the horse,
the 37cen satellite binds CENP-A. Sequence analysis showed that the 37cen
sequence bound by CENP-A is GC-rich with 221 bp units organized in a
head-to-tail fashion.

Immuno-FISH on stretched chromosomes and chromatin fibres showed that the
extension of the 37cen satellite DNA stretches is variable and is not related to the
organization of CENP-A binding domains. Interestingly, the horse shares with other
species a similar molecular organization of centromeres, relying on CENP-A blocks
of variable length immersed in long satellite DNA stretches (Blower et al. 2002).

Finally, we analysed, by means of RNA-seq, the transcriptome profile of a horse
fibroblast cell line in order to search for 37cen transcripts. The results proved that
the centromeric satellite 37cen is transcriptionally active. Emerging evidence sug-
gests that satellite transcripts may act both in cis and in trans (Bergmann et al.
2011; Quénet and Dalal 2014). Therefore, in the horse system, it is tempting to
speculate that 37cen RNA may play a role, not only at satellite-based centromeres,
but also at the satellite-less centromere of chromosome 11.

5 Discovery of the First Natural Satellite-Less Centromere

As mentioned above, the centromere of ECA11 was the only one in the horse
lacking any hybridization signal in FISH experiments in which the two major horse
satellites (Fig. 3a) or total horse genomic DNA (Fig. 1) were used as probes. To
test, at the sequence level, whether satellite DNA was completely missing at this
centromere, we localized the primary constriction of ECA11 by performing two and
three colour hybridization experiments on horse metaphase spreads with a panel of
BAC clones (Fig. 3b). Taking advantage of the ongoing horse genome sequence
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assembly, we then identified a 2.7 Mb region that should contain the centromeric
function and prepared an array covering this region to be further analysed by
ChIP-on-chip. The array was hybridized with DNA purified from chromatin
immuno-precipitated with antibodies against CENP-A or CENP-C. With both
antibodies, two peaks spanning about 135 and 100 kb, respectively, separated by a
165 kb region, were identified whereas no hybridization was observed in the
flanking sequences. The 400 kb region comprising the two peaks did not show any
peculiar feature (Fig. 3c): no protein coding genes, normal levels of interspersed
repetitive elements, no evidence of accumulation of L1 transposons (Chueh et al.
2009) or KERV-1 elements (Carone et al. 2009), which were previously hypoth-
esized to influence ENC formation. The absence of extended tandem repeat arrays
demonstrated that our initial hypothesis was correct and that a normal, stable and
functional mammalian centromere can be totally deprived of satellite DNA. Using a
similar approach, a satellite-free ENC was then identified in orangutan, where it is
present in a heterozygous state (Locke et al. 2011). An additional interesting
observation was that the genomic region comprising the centromere of ECA11 was
contained in a large conserved syntenic region in many mammalian species,
strongly supporting the notion that the centromeric function is unrelated to DNA
sequence. We proposed that the ECA11 centromere is evolutionarily young and,
although functional and stable in all horses, did not yet acquire all the marks typical
of mammalian centromeres. We were able for the first time to capture a mammalian
ENC in an immature state, as suggested by the model sketched in Fig. 2.

6 The Satellite-Free Horse Centromere Is Wobbling
Around a 500 kb Region

The identification of two well-defined peaks of CENP-A binding, in the first
individual analysed, (Wade et al. 2009) posed another key question: does each one
of the two homologous chromosomes 11 contain both centromeric domains or a
single CENP-A binding domain (Fig. 4)? To address this question, we localized the
CENP-A binding domains in five additional individuals and found a surprising
result: one or two protein binding domains can be present in a single individual;
moreover, the localization of each peak varies among individuals within a 500 kb
long region (Purgato et al. 2015) (Fig. 5). These results suggest that the centromere
function is not coupled to a specific sequence, but can slide within a relatively wide
region. Using a SNP-based approach and immune-FISH experiments on single
chromatin fibres (Fig. 6), we then demonstrated that the two binding domains for
centromeric proteins, described in the first horse (Wade et al. 2009), correspond to
the localization of the centromeric function on the two homologous chromosomes
and a similar situation is common in the horse population where we observed a
surprisingly high positional variation giving rise to multi-allelic epigenetic poly-
morphism. In the five horses analysed, we identified at least seven functional alleles
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(epialleles) scattered in the 500 kb region. It is notable that, integrating across the
individuals, CENP-A can be localized across the entire 500 kb region. At a
molecular level, these results reveal a mobility of CENP-A nucleosome arrays, a
property that could be related to the evolutionary mobility of centromeres.

Fig. 3 Localization and sequence analysis of the ECA11 centromere. a Hybridization of the two
major horse satellite sequences on horse chromosomes; the 23 bp repeat (2PI) is labelled in red
and the 221 bp repeat (37cen) is labelled in green. All centromeres are labelled with one or both
satellite probes except chromosome 11 (arrows). b Schematic representation of the cytogenetic
localization of the primary constriction within a 2.7 Mb region identified using hybridization with
BAC clones from the CHORI library; numbers correspond to names of informative BAC clones.
c Bioinformatic analysis of the sequence comprising the primary constriction of ECA11; the two
regions of 136 and 99 kb, respectively, bound by CENP-A and CENP-B are indicated on the top
of this panel (From Wade et al. 2009, Supporting online material)
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A possible explanation of these findings is that, although the centromere func-
tion is epigenetically determined, satellite DNA may provide positional stability to
this domain along the chromosome. In this regard, it is important to note that, in the
ECA11 centromere region, we did not find any evidence for the presence of
CENP-B boxes (the consensus sequence binding CENP-B) (data not shown). It has
been recently proposed that CENP-B, which directly binds to satellite DNA, may
play a role in the stabilization of the centromere (Fachinetti et al. 2015). The lack of
specific CENP-B binding within the satellite-less centromeres may contribute to the
sliding of CENP-A domains in the horse. In other words, a role of CENP-B and
satellite DNA may be specifically related to suppression of the intrinsic mobility of
the CENP-A domain on DNA. In the chicken DT40 cell line, when neocentromeres
were experimentally induced by chromosome engineering, they preferentially
formed close to the original centromere (Shang et al. 2013). This observation is in
agreement with our results on ECA11 suggesting that epigenetic marks required for
“centromerization” are present around the centromere. Indeed, we recently found
heterochromatin marks in a wide region surrounding the ECA11 neocentromere
(R. Gamba, M. Corbo, F. Piras, E. Giulotto, unpublished observation).

Fig. 4 Two hypotheses for the presence of two CENP-A/C binding domains on horse
chromosome 11. Hypothesis 1: Both homologous chromosomes 11 (CHR11 M and CHR11P)
contain two CENP-A binding peaks; Hypothesis 2: On one chromosome 11 (CHR11 M) only the
135 kb peak is present (epiallele 1) while the 95 kb domain (epiallele 2) is localized on the other
homolog (CHR11P)
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Fig. 5 Variable position of the centromere of horse chromosome 11. a Using an anti-CENP-A
antibody, DNA obtained by chromatin immuno-precipitation from five horse fibroblast cultures
was hybridized to a tiling array covering the centromere region. b Peak positions are represented as
boxes. Epiallele identification was obtained by combining ChIP-on-chip, SNP and fibre FISH
results. Sequence coordinates refer to the horse EquCab2.0 (2007) sequence assembly, as reported
by the UCSC genome browser (http://genome.ucsc.edu). Alleles are designated by the letter of the
horse they derive from, followed by ‘1’ or ‘2’ to distinguish the two variants. Dotted lines
represent the region of overlap of the two binding domains in the reference sequence. Therefore, at
least seven different centromeric domains were identified (Modified from Purgato et al. 2015)

The Unique DNA Sequences Underlying Equine Centromeres 349

http://genome.ucsc.edu


Fig. 6 Single molecule analysis of centromeric epialleles on chromatin fibres by immune-FISH.
Organization pattern of functional alleles in horse HSF-B (a), displaying two separated
ChIP-on-chip peaks (see Fig. 5a), and in horse HSF-D (b), displaying two overlapping
ChIP-on-chip peaks (see Fig. 5a). At the top of each panel, the coordinates of the regions
occupied by the centromeric domains are reported, and BAC coverage is represented by a red line.
CREST immuno-staining is green labelled while the BAC FISH signals are red labelled. Under
each fibre image, a schematic representation is depicted with green rectangles corresponding to
centromeric domains and red rectangles indicating BAC hybridization (From Purgato et al. 2015)
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7 Concluding Remarks and Perspectives

The body of evidence indicating that centromeres are primarily epigenetically
determined loci was dramatically confirmed by the discovery of a natural
satellite-less centromere in the domestic horse, demonstrating that such a cen-
tromere configuration is fully compatible with all functional requirements for cell
division. Subsequent identification of such “unique sequence” centromeres in
vertebrates such as orangutan (Locke et al. 2011) and chicken and non-vertebrates
(Gong et al. 2012; Sanyal et al. 2004) has revealed that this type of centromeric
DNA configuration is not unique in natural karyotypes. Thus it is clear that cen-
tromere identity is not dependent on any particular type of DNA sequence, but
rather is a result of epigenetic factors, exemplified by CENP-A, that are stably
associated with the locus (Karpen and Allshire 1997; Panchenko and Black 2009).
In examination of inter-individual variation of centromere position discussed above
it appears that centromeres can form over a 500 kb span of DNA with no exclusion
of sequences, demonstrating clearly that DNA sequence per se has little influence
on the ability of a centromere to form at a locus (Purgato et al. 2015). Rather, this
fluidity of centromere association with DNA focuses attention on the mechanisms
that establish and maintain CENP-A and associated proteins at or near their site of
origin during DNA replication and cellular propagation. With the identification of
CENP-B’s role in stabilizing CENP-A at human centromeres, a possible function
for CENP-B as a suppressor of the intrinsic dynamics of the epigenetic pathway has
come to light. Thus, satellite DNAs may function to stabilize centromeres at a
specific locus, perhaps maintaining functional identity between homologous chro-
mosomes that otherwise differ in centromere position. Given the high frequency of
satellite-less centromeres in the equids and the utility of unique sequence substrates
for chromatin profiling, the horse and related species emerge as an important model
system for dissecting the molecular structure of the centromere in a mammal. As
well, the rapid karyotype evolution in the equids, coupled to very high rates of
centromere repositioning, provides a mammalian system in which the evolution of
centromeres may be investigated definitively, towards a deeper understanding
of both their molecular architecture and function and their roles in shaping kary-
otypic evolution and speciation.
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Part IV
The Functions and Mechanisms

of Centromeres and Kinetochores
in Healthy Meiotic and Mitotic Divisions

and their Role in Human Disease



Centromere Dynamics in Male and Female
Germ Cells

Elaine M. Dunleavy and Caitríona M. Collins

Abstract In sexually reproducing organisms the germ line is the cellular lineage
that gives rise to gametes. All germ cells originate from germline stem cells that
divide asymmetrically to generate gonial pre-cursors, which are amplified in
number by mitotic divisions, undergo meiosis and eventually differentiate into
mature gametes (haploid eggs and sperm). Information transmitted with gametes is
inherited by offspring, and potentially by subsequent generations, instructing in
organismal development and beyond. Meiosis comprises one round of DNA
replication, followed by two rounds of chromosome segregation; homologous
chromosomes segregate in the first division (meiosis I) and sister chromatids seg-
regate in the second division (meiosis II). Important mechanistic features of meiosis
occur in substages of prophase I and are critical for genetic recombination,
including pairing and synapsis of homologous chromosomes (at leptotene and
zygotene), crossing-over (at pachytene), and the appearance of chiasmata (at
diplotene/diakinesis). Another unique feature of meiosis is the altered centromere/
kinetochore geometry at metaphase I, such that sister kinetochores face the same
spindle pole (mono-orientation) and stay together at anaphase I. This chapter
reviews centromere dynamics in germ cells, focusing on centromere function and
assembly in meiotic cell cycles, as well as centromere inheritance in zygotes.
Centromeres are functionally defined by the presence of the histone H3 variant
CENP-A, the epigenetic determinant of centromere identity. In most eukaryotes, it
is well established that CENP-A function is essential for chromosome segregation
in mitosis. CENP-A function in meiosis is less well understood and emerging
insights into the differential regulation of meiotic and mitotic CENP-A are
discussed.
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1 CENP-A Function in Germ Cells

CENP-A function is essential for kinetochore assembly in mitosis (Fachinetti et al.
2013; Black et al. 2007; Takahashi et al. 2000; Blower and Karpen 2001; Buchwitz
et al. 1999; Howman et al. 2000; Ravi et al. 2010; Stoler et al. 1995). CENP-A
function in meiosis is less well understood and is currently unknown in many
organisms, including humans. One of the first investigations into CENP-A function
in meiosis was performed in the nematode Caenorhabditis elegans. Surprisingly,
its function appears to be dispensable in worm meiosis, or at least it is not
required at mitotic levels (Monen et al. 2005). Fixed and time-lapse imaging of
CENP-A-depleted gonads showed that meiotic chromosome segregation was not
perturbed, yet chromosome segregation completely failed in CENP-A-depleted
mitotic cells. The lack of a requirement for CENP-A in worm meiosis most likely
relates to the fact that this organism is holocentric. As CENP-A is incorporated
throughout the length of holocentric chromosomes, they lack a single site to
co-orient sister chromatids and to protect cohesins against degradation in the first
meiotic division (Marques and Pedrosa-Harand 2016). To overcome this problem,
C. elegans oocytes have departed from the typical kinetochore-driven mode of
chromosome segregation to one in which microtubules between chromosomes
mediate separation (Dumont et al. 2010), perhaps excluding a need for CENP-A. In
contrast, in the fruit fly Drosophila melanogaster, CENP-A is required for cen-
tromere function in meiosis, at least in males. RNAi knockdown of CENP-A in
pre-meiotic gonial cells in testes revealed meiotic chromosome missegregation
events, including uneven nuclear segregation in meiosis I and II (Dunleavy et al.
2012). Moreover, depletion or mutation of key CENP-A assembly factors
Chromosome alignment defect 1 (CAL1) and Centromeric protein-C (CENP-C)
give rise to defects in meiotic centromere function in both male and female flies
(Dunleavy et al. 2012; Raychaudhuri et al. 2012; Kwenda et al. 2016; Unhavaithaya
and Orr-Weaver 2013). In the thale cress Arabidopsis thaliana, RNAi knockdown
of CENP-A to a level sufficient for mitosis leads to partial plant sterility, with
lagging chromosomes in meiosis I and II, and gametes (pollen spores) have
micronuclei (Lermontova et al. 2011). Indeed, meiosis-specific functions for
CENP-A are best illustrated in plants, in which alterations to CENP-A can give rise
to haploid progeny (Ravi and Chan 2010). Therefore, aside from worm, the con-
sensus finding from model organisms examined so far is that CENP-A is func-
tionally required for meiosis.

1.1 Germ-Cell-Specific Functions of the CENP-A
N-Terminus

The CENP-A N-terminus shares no similarity between eukaryotes, it is highly
divergent and is rapidly evolving (Malik and Henikoff 2003) (Fig. 1). First
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experiments investigating CENP-A domains critical for centromere specification
showed that the centromere-targeting domain (CATD) within the C-terminal his-
tone core domain is both necessary and sufficient for CENP-A deposition and
function (Black et al. 2004, 2007; Fachinetti et al. 2013). At this point, the function
of the CENP-A N-terminus was not known and it was presumed to be largely
dispensable for CENP-A deposition. More recent long-term viability assays in
human cultured cells and fission yeast, in which centromere function can be rescued
by the expression of chimeric CENP-A/H3 transgenes, now indicate functional
requirements for the CENP-A N-terminus in addition to the CATD (Fachinetti et al.
2013). In both organisms, the CENP-A N-terminus supports long-term cellular
viability and in human cells it directs CENP-B binding to reinforce kinetochore
function. Additional centromere establishment assays in human cells revealed that
the CENP-A N-terminus is required for the initial recruitment of the kinetochore
proteins CENP-C and CENP-T (Logsdon et al. 2015). Studies carried out in
A. thaliana first demonstrated an unexpected functional requirement for the
CENP-A N-terminus in plant germ cells. Ravi and colleagues isolated a cenh3
(plant CENP-A) null mutation by ethylmethanesulfonate (EMS) mutagenesis,
which was embryo lethal as expected. This CENP-A-lethal mutation could be
rescued by the expression of an N-terminally GFP-tagged CENP-A (Ravi et al.
2010). Surprisingly, expression of a modified, GFP-tagged version of CENP-A
in which its N-terminus is replaced with that of histone H3.3 (so-called
‘GFP-tailswap’, Fig. 2) complemented lethality in cenh3 null plants, but the
resulting plants were largely sterile (Ravi et al. 2010; Ravi and Chan 2010). Similar
experiments, instead performed using fluorescently tagged CENP-A transgenes
completely lacking its N-terminus, showed that ‘tailless’ CENP-A localises to
mitotic centromeres (Lermontova et al. 2006; Ravi et al. 2010). Yet, in line with
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Fig. 2 In A. thaliana, GFP-tailswap plants express a GFP-tagged CENP-A transgene in which the
N-terminus of CENP-A is replaced with the N-terminus of histone H3.3 (Ravi et al. 2010)
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GFP-tailswap plants, plants over expressing the YFP-tagged tailless transgene were
sterile or partially sterile (Lermontova et al. 2011). Sterility in tailless and
GFP-tailswap plants was attributed to meiotic abnormalities in gametes.
GFP-tailswap plants were defective in homolog disjunction in meiosis I, in chro-
mosome alignment at metaphase II and pollen spores display micronuclei
(Lermontova et al. 2011; Ravi et al. 2011). YFP-tagged tailless plants displayed
lagging chromosomes in meiosis II also resulting in pollen spores with micronuclei
(Lermontova et al. 2011). These findings point to critical roles for the CENP-A
N-terminus in meiotic chromosome segregation.

In their analyses of transgenic plants expressing modified versions of CENP-A,
Ravi and Chan made a second striking observation. GFP-tailswap plants could be
crossed to wild-type plants; however, viable offsprings were haploid and only
contained the wild-type set of chromosomes (Ravi and Chan 2010). This phe-
nomenon termed centromere-mediated genome elimination has been exploited for
accelerated plant breeding purposes, but has also fuelled research into CENP-A
function in germ cells and zygotes in a number of plant species. To explain this
uniparental chromosome loss, current models propose that gamete chromosomes
with modified CENP-A are ‘weaker’ than those with wild-type CENP-A and either
fail to interact with the mitotic spindle or lag in early embryo mitoses (Karimi
Ashtiyani et al. 2015; Ravi and Chan 2010). A similar mechanism was also proposed
for genome elimination in barley hybrids (Sanei et al. 2011). Plant breeders are now
positioned to carry out targeted mutagenesis screens to identify additional CENP-A
alterations that might give rise to haploid plants. For example, in A. thaliana, a single
point mutation within the centromere-targeting domain (CATD) of CENP-A impairs
its localisation to both mitotic and meiotic centromeres and can give rise to haploid
embryos (Karimi-Ashtiyani et al. 2015), albeit at a lower efficiency than crosses with
the GFP-tailswap. This exact point mutation impairs CENP-A localisation in barley
and sugar beet (Karimi-Ashtiyani et al. 2015), raising the possibility that this method
for haploid plant induction could be extended to other species. In summary, plant
breeding experiments strongly support a germ-cell-specific role for CENP-A and its
N-terminus; parents with defective or modified versions of CENP-A generate
chromosome loss both in meiocytes and resulting progeny.

A third observation of GFP-tagged CENP-A localisation in plants demonstrated
an unexpected role for the N-terminus in meiotic CENP-A dynamics. GFP-tailswap
and GFP- or YFP-tailless CENP-As fail to localise to meiotic centromeres;
GFP-tailswap was only faintly visible at centromeres during early prophase I
(leptotene and zygotene) and was not detected beyond the start of pachytene, nor
for remaining phases of meiosis I and II (Ravi et al. 2011; Lermontova et al. 2011).
Therefore, it is likely that plants expressing modified or truncated CENP-A are
sterile due to a specific failure in meiotic CENP-A retention at centromeres that
gives rise to chromosome segregation defects in gametes. Remarkably, the small
percent of GFP-tailswap or tailless gametes that survive meiosis were competent to
reload CENP-A in subsequent mitotic (gametophytic) divisions of pollen spores
that occur in plants (Ravi et al. 2011; Schubert et al. 2014). These findings point to
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de novo CENP-A assembly after meiotic exit, possibly due to the re-availability of
mitotic CENP-A assembly factors. While experiments with GFP-tailswap
plants have been extremely informative, it is important to note that presence
of the GFP-tag alone compromises CENP-A function (Ravi et al. 2011).
Complementation assays with untagged, mutated versions of CENP-A might prove
more biologically relevant for future studies (Maheshwari et al. 2015).

Interestingly, despite its hyper-variability among divergent organisms, the
CENP-A N-terminus of flies and plants harbour blocks of conserved amino acid
motifs (Torras-Llort et al. 2009; Malik et al. 2002; Maheshwari et al. 2015). The
N-terminus of CENP-As from the Drosophila clade harbour three conserved
arginine-rich domains (Malik et al. 2002) (Fig. 3), whereas at least two conserved
blocks were identified in nearly all plant CENP-As analysed ranging from green algae
to flowering plants (Maheshwari et al. 2015) (Fig. 4). The function of such conserved
sequence blocks is largely unknown, but suggest functional specialisation. Indeed,
evolutionarily divergent plant CENP-As can complement mitotic and meiotic func-
tions in an A. thaliana cenh3 null background (Maheshwari et al. 2015), suggesting
that despite sequence differences in N-terminal tails, critical functional features are
conserved. Further investigations into requirements of the CENP-A N-terminus and
its potential conserved blocks in other organisms might reveal germ-cell-specific
functions, for example in meiotic CENP-A assembly or maintenance.

Fig. 3 Conserved amino acid sequence blocks in the CENP-A N-termini of Drosophila species.
Alignment was carried out using TCoffee (Notredame et al. 2000). Asterix, semi-colon and stop
represent full conservation of amino acid, strong conservation and weak conservation of amino
acid properties, respectively. Phylogenetic analysis was performed using Phylogney.fr (Dereeper
et al. 2010). Node values and scale represent confidence and number of substitutions, respectively,
based on the pairwise alignment

Fig. 4 Conserved amino acid sequence blocks in the CENP-A N-termini of highly divergent plant
species. Alignment was performed as shown in Fig. 3
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2 Cell Cycle Assembly Timing of Meiotic CENP-A

In the last decade, investigations into the cell cycle timing of centromere assembly
in mitosis have proven critical to understanding mechanisms of centromere speci-
fication and function. In human cultured cells, seminal first studies showed that
CENP-A is assembled at late telophase and early G1 phase (Jansen et al. 2007;
Hemmerich et al. 2008) or at anaphase in syncytial divisions in fly embryos (Schuh
et al. 2007). Critically, these experiments highlighted the stability of pre-existing
CENP-A nucleosomes incorporated at centromeres that are stably retained through
mitotic cell cycles. CENP-A assembly in G1 phase was unexpected as it indicated
that centromeres are competent for kinetochore assembly and chromosome segre-
gation with half the total amount of CENP-A. Different from metazoans, CENP-A
assembly occurs in G2 phase in plants and fission yeast (Lando et al. 2012;
Lermontova et al. 2006, 2007). The significance of pre-divisional CENP-A
assembly in most organisms and post-divisional CENP-A assembly in others is
currently not clear, but could have mechanistic implications for centromere function
and kinetochore assembly at chromosome segregation. What is clear is that new
CENP-A deposition should occur at least once per cell cycle to ensure centromere
propagation. Given that the meiotic cell cycle comprises two rounds of nuclear
division, investigations into meiotic CENP-A assembly have focused on deter-
mining if CENP-A is replenished in both divisions, or in only one division, or not at
all, i.e., is the pre-meiotic CENP-A level sufficient to support both meiotic
divisions?

Earliest investigations into the cell cycle timing of meiotic CENP-A assembly
were conducted in C. elegans. Fixed and live analysis of oocytes showed that
meiotic CENP-A was dynamic (Monen et al. 2005), a result that was unexpected
given the stability of CENP-A nucleosomes in mitosis (Buchwitz et al. 1999).
Surprisingly, CENP-A was not detected on prophase I chromosomes at early
pachytene and was first detected at late pachytene/diplotene (Fig. 5). Unusual
CENP-A localisation dynamics in this system might again be related to the finding
that CENP-A is largely dispensable for holocentric worm meiosis (Monen et al.
2005). Intriguingly, CENP-A removal in early pachytene and reloading by late
diplotene coincides with the timing of key recombination events in prophase I. An
unexpected drop in CENP-A signal was also observed between meiosis I and II;
however, its functional importance was not tested.

Meiotic CENP-A assembly in prophase I was also observed in D. melanogaster
males (Dunleavy et al. 2012; Raychaudhuri et al. 2012) (Fig. 5). Quantitation of
endogenous and GFP-tagged CENP-A levels from fixed and live testes revealed an
increase in CENP-A intensity between early and late prophase I (Dunleavy et al.
2012; Raychaudhuri et al. 2012). CENP-A assembly in prophase I was also
observed in Drosophila females (between zygotene and diplotene) (Dunleavy et al.
2012). Unlike Drosophila males that lack conventional features of meiotic prophase
I, Drosophila females carry out chromosome synapsis and homologous recombi-
nation, indicating that CENP-A assembly at this time is unlikely to be a peculiarity
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of male fruit flies. In contrast to mitosis, in which the majority of CENP-A is
assembled in minutes to hours (Schuh et al. 2007; Jansen et al. 2007; Hemmerich
et al. 2008), meiotic CENP-A assembly dynamics appear to be slow in flies.
Prophase I lasts over 90 h in Drosophila males and gradual increments in CENP-A
assembly were measured between early and late substages (Dunleavy et al. 2012;
Raychaudhuri et al. 2012). Similar to findings in worm, an unexpected drop in
CENP-A intensity of greater than half was also measured between meiosis I and II
(Dunleavy et al. 2012), but again the significance of this drop is not clear.
Intriguingly, the localisation of CAL1, the major CENP-A assembly factor in flies,
inversely correlates with the dynamics of CENP-A deposition in prophase I.
Centromeric CAL1 level is reduced in early prophase I and is undetectable at late
prophase I, the time when CENP-A assembly reaches its peak (Dunleavy et al.
2012; Raychaudhuri et al. 2012). It is possible that CAL1 is gradually removed
from centromeres once meiotic CENP-A assembly is complete. An additional phase
of CENP-A assembly was measured on spermatids post-meiosis II (Dunleavy et al.
2012). Given that neither CAL1 nor CENP-C is detected at centromeres at this time,
it is still unclear if either centromere assembly factor is specifically required for this
second loading phase.

Consistent with findings in worms and flies, measurements of CENP-A
immuno-fluorescent intensities in meiocytes of the rye plant Secale cerale also
revealed a first major phase of CENP-A assembly in early prophase I (Schubert
2014) (Fig. 5). Additional unloading and loading events were also measured
between late prophase and metaphase I, and at interkinesis, respectively. An
unexpected drop in CENP-A intensity, comparable to the drop reported in
Drosophila males, was also reported after anaphase, in this instance in tetrad pollen
nuclei immediately after the second meiotic division. Taken together, unusual
CENP-A dynamics including loading and unloading events appear to be a common
feature of meiotic centromere assembly in worm, flies and plants (Fig. 5). Analysis
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in A. thaliana of GFP-tailswap localisation dynamics has also added to current
understandings of such meiotic CENP-A loading and unloading events. Strikingly,
GFP-tailswap mutants fail to localise to meiotic centromeres (Ravi et al. 2011).
Failure to detect the GFP-tailswap was first observed from leptotene in early pro-
phase I, the time when meiotic pairing between homologs initiates (Fig. 5). One
hypothesis that might explain such a loss is that CENP-A is gradually removed
during prophase I, supporting the notion that numbers and types of CENP-A
molecules are normally subject to a quality check at discrete meiotic substages.
Given that GFP-tailswap plants express an N-terminally modified version of the
CENP-A, it is possible that the N-terminus is a substrate for unloading and might
normally direct a quality check (discussed in Sect. 2.1).

CENP-A assembly in early prophase I might also be conserved in mammals.
A recent investigation in mouse oocytes failed to detect GFP-CENP-A assembly in
prophase I arrested oocytes or upon maturation of oocytes to meiosis II (Smoak
et al. 2016) (Fig. 5). This result suggests that sufficient CENP-A for meiotic cen-
tromere function is already assembled prior to prophase I arrest at diplotene.
Presumably, a round of CENP-A assembly occurs in the last mitosis before entry
into meiosis, but additional CENP-A assembly events in early prophase I prior to
diplotene remain an open possibility. It is clear that CENP-A incorporated prior to
the prophase I arrest is extremely stable, as arrested oocytes in which cenp-a was
knocked out retain 70% of the pre-existing CENP-A protein one year later (Smoak
et al. 2016). Moreover, when bred, the mice were fertile and could support early
embryogenesis, reinforcing a model in which CENP-A assembled prior to diplotene
is sufficient for meiotic centromere function. However, given that a 30% reduction
in CENP-A was measured, some CENP-A was lost after one year and a low level of
CENP-A turnover cannot be excluded. Similar investigations into CENP-A
assembly and maintenance dynamics in mammalian testes are currently lacking,
but will be important to corroborate findings in Drosophila and to identify common
features of centromere assembly pathways in males. In summary, while in mitosis
CENP-A is stably incorporated at centromeres during the cell cycle, its localisation
in meiosis is dynamic, with both assembly and disassembly events reported in most
model organisms examined so far.

2.1 Significance of Unusual CENP-A Dynamics in Meiotic
Prophase I

With the exception of plants and fission yeast, most eukaryotes assemble CENP-A
after chromosome segregation in mitosis (Valente et al. 2012). An emerging theme
from investigations into the temporal control of meiotic CENP-A is its assembly
before chromosome segregation, in the first meiotic division (Fig. 5). Why switch
between post-divisional loading in mitosis to pre-divisional loading in meiosis?
One hypothesis is that pre-divisional loading in meiosis I might relate to unique
mechanistic features of prophase I that result in genetic recombination. In rye and
female fruit flies, CENP-A assembly initiates in early prophase (Schubert et al.
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2014; Dunleavy et al. 2012) and likely coincides with synaptonemal complex
assembly. In worm, CENP-A assembly initiates later in prophase I, at late pachy-
tene (Monen et al. 2005), when synapsis is complete and crossing-over takes place.
In mouse oocytes, any CENP-A assembly likely occurs prior to diplotene (Smoak
et al. 2016), the stage at which chiasmata that mark sites of genetic crossover are
clearly visible. Therefore, on the one hand, CENP-A assembly could be coupled to
the initiation or completion of homolog pairing, chromosomal synapsis or
homologous recombination. This is unlikely to be the case in Drosophila males,
however, which assemble CENP-A in prophase I despite a lack of synapsis and
homologous recombination (Meyer 1960). On the other hand, CENP-A and its
associated kinetochore complex may be incompatible with aspects of homologous
recombination that necessitate its removal and subsequent reloading.

A second hypothesis is that pre-divisional CENP-A assembly in prophase I
prepares the centromere/kinetochore for the mono-orientation of sister chromatids at
metaphase I. It is possible that the absolute number of CENP-A nucleosomes is
critical to build the kinetochore for the first meiotic division and this number requires
adjustment at this cell cycle time. In addition to assembly, evidence for the selective
removal of a modified version of CENP-A in early prophase I in plants (Ravi et al.
2011), raises the possibility that CENP-A is turned over at this cell cycle stage. It is
possible that CENP-A disassembly removes imperfect or not correctly modified
versions of CENP-A before the first meiotic division, as part of a quality control
step. Fluorescent recovery after photobleaching (FRAP) experiments with functional
fluorescently tagged CENP-A are currently lacking in any organism, but might
confirm CENP-A turnover and dynamics in prophase I. Findings that meiotic
CENP-A assembly is dependent on an intact CENP-A N-terminus in plants (Ravi
et al. 2011) supports models in which the N-terminus directs CENP-A removal. It is
possibly subject to meiosis-specific post-translational modifications, or it interacts
with a meiosis-specific chaperone/assembly/disassembly factor, or it directs
protein-folding activities that instruct CENP-A stability. Finally, the selective
CENP-A drop in interkinesis after meiosis I, so far observed in flies and worms,
might reflect CENP-A loss due to the reconfiguration of centromeres/kinetochores
from a side-to-side to a back-to-back orientation for sister chromatid segregation in
meiosis II (Watanabe 2012). The second major phase of CENP-A assembly after
meiosis II, so far observed in Drosophila males, is post-divisional and more com-
parable to the assembly triggered by mitotic exit, for example in human cells (Jansen
et al. 2007; Silva et al. 2012). Here additional CENP-A assembly might compensate
for excess removal in prophase or anaphase I, or ensure that a sufficient amount of
CENP-A is present on mature gametes for epigenetic inheritance in the zygote.

3 Transgenerational Inheritance of CENP-A

In most organisms studied so far, it is apparent that sufficient CENP-A for the two
rounds of nuclear division in meiosis is assembled prior to the end of prophase I,
with additional CENP-A assembly events immediately after meiotic exit in some
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organisms (Fig. 5). However, in order to epigenetically specify centromere identity
in the next generation, CENP-A must also be maintained on gamete chromatin.
Females face the challenge of CENP-A maintenance on egg chromatin arrested at
prophase I, which lasts for months to years depending on the species (Von Stetina
and Orr-Weaver 2011). Remarkably, a first quantitative analysis of CENP-A protein
in mouse oocytes confirms its long-lived stability for at least one year with little
turnover (Smoak et al. 2016). Similar analysis of CENP-A stability in arrested
human oocytes is of interest, although technically challenging. Male gametes face a
different challenge; mature spermatozoa must retain CENP-A despite the dramatic
removal and exchange of most other histones for protamines during differentiation.
Early immuno-fluorescent studies of fully differentiated bovine spermatozoa first
confirmed that CENP-A is retained in discrete nuclear foci in males (Palmer et al.
1990). Moreover, CENP-A was identified as one of the most abundant proteins on
bovine sperm, which investigators exploited for its purification and sequencing
(Palmer et al. 1991). Subsequent studies confirmed CENP-A localisation on mature
sperm in diverse organisms such as Xenopus, plants and flies (Zeitlin et al. 2005;
Raychaudhuri et al. 2012; Dunleavy et al. 2012; Ingouff et al. 2010), indicating that
CENP-A maintenance on male gametes is likely of wide functional importance for
epigenetic centromere inheritance.

One of the most extensive investigations into the inheritance of CENP-A from
one generation to the next was performed in Drosophila males (Raychaudhuri et al.
2012). These experiments provide support for a template-governed centromere
inheritance and assembly model, in which pre-existing CENP-A nucleosomes direct
the deposition of new CENP-A nucleosomes (Figs. 6 and 7). First, Raychaudhuri
and colleagues crossed male flies expressing only a GFP-tagged copy of CENP-A
to wild-type females and observed dilution of GFP-CENP-A by half in each of the
early embryonic cell cycles 1–3 (Fig. 6). This result indicates that each cell cycle
pre-existing CENP-A on paternal chromosomes is diluted by unlabeled, maternally
supplied CENP-A and is in line with the dilution of pre-existing CENP-A by newly
synthesised CENP-A in mitotic cell cycles (Jansen et al. 2007). Next, the authors
use a genetic approach to generate flies harbouring sperm in which CENP-A was
degraded and no longer detectable at centromeres. In embryos generated from
‘CENP-A-degraded’ sperm, paternal chromosomes did not assemble new CENP-A
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and were lost during the initial embryonic cell cycles (Fig. 6). This result
demonstrates that a minimal amount of pre-existing paternal CENP-A is required to
direct the assembly of maternal CENP-A. In a second set of experiments, the
authors use additional genetic approaches to manipulate CENP-A levels on sperm
and track whether high or low CENP-A levels are inherited in the next generation
(Fig. 7). They report two major findings. (i) When males with reduced CENP-A on
sperm were crossed to control females, resulting progeny had reduced total
CENP-A in embryonic nuclei, as well as adult sperm nuclei. Given that half the
chromosomes were of paternal origin, the observed drop in total CENP-A level was
in line with the expected drop. (ii) When males with a higher CENP-A level on
sperm were crossed to control females, resulting progeny had a higher CENP-A
level on chromosomes in embryonic nuclei. While the observed CENP-A increase
was lower than expected, it is likely that CENP-A is not quantitatively maintained
as levels of CENP-A and its assembly factor CAL1 are limiting (Schittenhelm et al.
2010). Alternatively, it is possible that high CENP-A levels at centromeres can
gradually revert back to normal levels. Both sets of experiments support
template-driven epigenetic memory at sperm centromeres and indicate that
CENP-A levels are not reset, at least not in the next generation. Intriguingly, in
RNAi experiments reduced CENP-A levels were also measured in wing imaginal
discs and mature adult sperm, indicating that quantitative changes in CENP-A at
centromeres were maintained beyond embryogenesis. It will be insightful to now
investigate CENP-A inheritance in subsequent generations, i.e., in adult tissues and
sperm from grandsons and great grandsons. It will also be of interest to determine if
mechanisms for resetting CENP-A at centromeres could exist, for example to
counterbalance unequal CENP-A inheritance on paternal and maternal homologs.

In striking contrast to many eukaryotes, CENP-A is not retained on mature
sperm in C. elegans, arguing against a template-governed centromere inheritance

Contro l

 50% 50%

CENP-A
Reduction

Reduced CENP-A
level is inherited.

50%16.5%

 100%

 72%

Egg (n) Sperm (n) Early embryo (2n)

CENP- A Level:

CENP- A Level:

ConclusionObservedExpected

 66.5%

Increased CENP-A
level is inherited, but

not quantitatively.

50%350% 170%CENP- A Level:

ConclusionObservedExpected

400%

CENP-A
Overexpression

Fig. 7 These experiments suggest that altered centromeric CENP-A levels on sperm are inherited
by the embryo (Raychaudhuri et al. 2012)
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mechanism in worms. Indeed, photobleaching experiments show that GFP-tagged
CENP-A is turned over in embryo cell cycles and progeny generated from
CENP-A-depleted oocytes fertilised with wild-type sperm do not inherit any
CENP-A (Gassmann et al. 2012). Instead genome-wide chromatin immunopre-
cipitation of CENP-A and hybridisation to a tiling microarray (ChIP-chip) exper-
iments show that CENP-A position in zygotes is linked to transcription (Gassmann
et al. 2012). Genes transcribed in the germline, or in embryos, are refractory to
CENP-A incorporation, whereas genes silent in embryos are permissive for
CENP-A incorporation. The link between de novo centromere specification and
transcriptional silencing might be a unique feature of worm holocentric chromo-
somes. Indeed, an increasing body of evidence supports transcription-coupled
CENP-A assembly in somatic cell mitosis in other organisms (Chan and Wong
2012). A second scenario, which argues against a template-driven model for cen-
tromere inheritance, comes from a report of de novo CENP-A assembly in zygotic
divisions in A. thaliana (Ingouff et al. 2010). In this study, analysis of plants
expressing a GFP-tagged CENP-A revealed that CENP-A is present on mature
sperm, but is absent on mature eggs (Ingouff et al. 2010). Analysis of the earliest
divisions post-fertilisation revealed that paternal GFP-CENP-A foci are unde-
tectable after karyogamy (fusion of male and female genomes), and are only
detectable at the 16-cell stage of development (Ingouff 2010). These results suggest
that CENP-A is assembled de novo in the zygote without pre-existing CENP-A as a
guide, the mechanism of which is currently unknown. However, it is possible that a
residual amount of CENP-A beyond the limits of detection is retained on egg
chromatin or after karyogamy that is sufficient to direct new CENP-A deposition.

A common feature of plant and worm germ cells is the absence of CENP-A on
one mature gamete (Table 1); CENP-A is absent from plant eggs (Ingouff et al.
2010), while CENP-A is absent from worm sperm (Gassmann et al. 2012).
Alternative mechanisms to assemble CENP-A in zygotes might exist to counter-
balance unequal CENP-A loading between male and female gametes; if CENP-A is
absent, reduced or not loaded on one gamete, the organism can still reset CENP-A
deposition in the zygote. It is also possible that one gamete is more sensitive to
CENP-A reduction or modification. For example, GFP-tailswap plants are mostly
male sterile; measured fertility was 3.5% for pollen, but 68.5% for ovules (Ravi

Table 1 CENP-A maintenance on mature gametes and the major mechanism of CENP-A
assembly in early embryonic cell cycles in D. melanogaster, C. elegans and A. thaliana

Species CENP-A on
mature sperm

CENP-A on
mature egg

CENP-A assembly
in early embryos

References

D. melanogaster Template-governed Raychaudhuri
et al. (2012)

C. elegans de novo Gassmann
et al. (2012)

A. thaliana de novo Ingouff et al.
(2010)
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et al. 2011). This bias in sterility between sexes might reflect different dependencies
for meiotic CENP-A and its assembly pathways in males and females.

4 Functions, Assembly and Inheritance of CENP-C
in Germ Cells

CENP-C is a conserved primary component of the constitutive
centromere-associated network and can directly interact with CENP-A chromatin
(Carroll et al. 2009, 2010; Foltz et al. 2006; Falk et al. 2015). CENP-C is essential
for mitosis and cell viability in diverse organisms (Meluh and Koshland 1995;
Heeger et al. 2005; Kalitsis et al. 1998; Kwon et al. 2007), which has hampered
investigations into potential roles in meiosis. However, the targeted isolation of
point mutants in cnp3 (fission yeast CENP-C) that leave mitotic functions intact,
provide evidence for meiosis-specific functions (Tanaka et al. 2009). Specifically,
C-terminal mutations in CENP-C perturb Moa1 (monopolar attachment 1)
recruitment, a meiosis-specific protein exclusively required for mono-orientation of
kinetochores in meiosis I (Tanaka et al. 2009). Interestingly, Moa1 and its func-
tional equivalent in mammals Meikin share no significant sequence homology, yet
Meikin was discovered through its interaction with CENP-C in mouse testes (Kim
et al. 2015). Similarly in D. melanogaster, the isolation of a C-terminal point
mutation in cenp-C that renders flies sterile, but leaves mitotic functions mostly
intact, has aided dissection of CENP-C’s roles in meiosis. In females, functional
CENP-C is required for meiotic centromere clustering, pairing and chromosome
segregation (Unhavaithaya and Orr-Weaver 2013). In males, CENP-C is also
required for meiotic chromosome segregation, with additional roles in meiotic
CENP-A assembly and the timely release of CAL1 and CENP-A from nucleoli
(Kwenda et al. 2016). Additional, separation-of-function mutations in other
organisms are likely to reveal further meiosis-specific roles of CENP-C.
Remarkably, CENP-C appears to be dispensable for worm meiosis, in line with
findings reported for CENP-A (Monen et al. 2005).

Compared to CENP-A, CENP-C assembly dynamics in either mitosis or meiosis
are less well characterised. Unexpectedly, although CENP-C directly binds to
CENP-A nucleosomes, its dynamics do not always follow those of CENP-A. In
human mitotic cells in culture, quantitative FRAP and Fluorescence Correlation
Spectroscopy (FCS) experiments show that CENP-C undergoes dynamic exchange
in both G1 and G2 phase, but not S phase (Hemmerich et al. 2008). This result
contrasts findings for CENP-A in this system, which only recovers in early G1
phase. In mouse meiosis, CENP-C-GFP can assemble in oocytes arrested at pro-
phase I or upon maturation, yet CENP-A-GFP cannot (Smoak et al. 2016), further
highlighting differential CENP-C and CENP-A dynamics in mammals. In other
organisms, CENP-C assembly dynamics appear to align more closely with those of
CENP-A. In worm oocytes, like CENP-A, CENP-C is first detected at centromeres

Centromere Dynamics in Male and Female … 369



in prophase I, at late pachytene/diplotene stages (Monen et al. 2005). In flies, also in
line with CENP-A, CENP-C is assembled at anaphase of mitosis in embryonic
divisions (Schuh et al. 2007) and at prophase I in meiosis in spermatocytes
(Kwenda et al. 2016). Yet, unlike CENP-A, CENP-C level on spermatids drops off
after the second meiotic division in male flies (Dunleavy et al. 2012; Raychaudhuri
et al. 2012). Intriguingly, the timing of CENP-C ‘removal’ inversely correlates with
an increase in CENP-A intensity at this stage, raising the possibility that novel
factors participate in this second phase of CENP-A assembly.

One common feature between frogs, worm and flies is the absence of CENP-C
on mature sperm (Milks et al. 2009; Gassmann et al. 2012; Raychaudhuri et al.
2012; Dunleavy et al. 2012). Additionally, CENP-C was not detected on plant
meiocytes (Ravi et al. 2011). Therefore, it is unlikely that CENP-C is a mark of
paternal centromere identity in the next generation, an epigenetic function attributed
instead to CENP-A. Indeed, both in vitro chromatin assembly experiments in
Xenopus (Milks et al. 2009) and in vivo dynamics of GFP-tagged CENP-C in
Drosophila early embryos (Raychaudhuri et al. 2012), confirm de novo CENP-C
assembly from a maternal pool supplied in the egg cytoplasm. Thus, in zygotes,
CENP-C assembly is most likely specified by pre-existing or newly assembled
CENP-A.

5 Centromere Structure/Function Roles in Homolog
Pairing, Clustering and Synapsis in Prophase I

Distinguishing and critical features of meiotic prophase I include the pairing of
homologous chromosomes, the assembly of the synaptonemal complex between
homologs (synapsis) and homologous recombination leading to genetic exchange,
as well as the formation of chiasma that hold homologs together until anaphase of
meiosis (Watanabe 2012; Cahoon and Hawley 2016) (Fig. 5). Accumulating evi-
dence suggests centromeres might play structural roles at very early stages of
meiotic prophase I. In budding yeast, assembly of the synaptonemal complex
component Zip1 in early zygotene initiates at paired homologous centromeres
(Tsubouchi et al. 2008). In Drosophila females, assembly of C(3)G, the Zip1
equivalent in flies, is also first detected at centromeres (Tanneti et al. 2011; Takeo
et al. 2011). In this system, centromere clustering is coincident with (Tanneti et al.
2011; Takeo et al. 2011) or immediately prior to (Christophorou et al. 2013) the
initiation of meiosis. Intriguingly, mutations in cenp-C and cal1 disrupt centromere
clustering and homolog pairing in zygotene, as well as the retention of C(3)G at
centromeres (Unhavaithaya and Orr-Weaver 2013). In this context, clustered and
paired centromeres might serve as an effective structural platform to build and
maintain functional associations between chromosomes. It is possible that CENP-A
assembly at this time could reinforce such associations.
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6 Current and Future Perspectives

Centromere dynamics in germ cells is a relatively new and exciting research field.
Investigations into mechanisms of germ cell centromere function, assembly and
maintenance in fly, plant, worm and frog model systems are certainly proving
fruitful. A common emerging theme is that problems in centromere dynamics in
germ cells can give rise to defective gametes, potentially resulting in aneuploidy in
the next generation. Yet, experiments in more complex mammalian systems are
currently lacking, limited by the accessibility to germ cells, as well as lack of
genetic tools for germ cell-specific manipulations and appropriate in vitro culture
systems. For example, centromere dynamics and functions in human germ cells are
relatively unexplored, but are likely to prove important with clinical relevance for
fertility and ageing. Major unresolved themes and future research questions include
the following:

(i) Identifying key players and mechanisms of centromere specification and
function in germ cells: Investigations so far have highlighted unexpected
differences in CENP-A requirements and assembly dynamics in meiosis
compared to mitosis. Given that in many organisms meiotic CENP-A
assembles in prophase I, a cell cycle time when cyclin-dependent-kinase
(CDK) activity is high, molecular signals must differ from mitosis (Silva
et al. 2012). How is CENP-A assembly coupled to the meiotic cell cycle?
What is the cell cycle timing of CENP-A assembly in male and female
meiosis in mammals and in other species? Do mitotic chaperones and
assembly factors function in meiosis or are meiosis-specific chaperones
required? Undoubtedly, the targeted generation of separation-of-function
mutations via the clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 system will aid the dissection of meiosis-specific functions
of essential genes. Additionally, genetic screens in model organisms and
biochemical purifications of centromere proteins from meiotic cells will
identify critical interactions and regulators. It will also be of interest to
determine mechanisms and consequences of CENP-A disassembly in
meiosis.

(ii) Identifying the function of the CENP-A N-terminus in germ cells: What is
the meiosis-specific role of the CENP-A N-terminus in plants? Are the
N-terminal conserved sequence blocks, identified in plants and flies,
important for this function? Outside of plants, is the CENP-A N-terminus
required for meiosis in other organisms? To answer these questions, the
targeted deletion of the motifs by the CRISPR/Cas9 system in transgenic
plants and animals is sure to prove informative. Is the CENP-A N-terminus
differentially modified in meiosis? Do meiosis-specific CENP-A assembly
and maintenance factors interact with the N-terminus? For this, protocols that
facilitate precise sorting of meiotic cells improved strategies for biochemical
purifications of germ cells from tissues, as well as the development of more
sensitive mass spectrometry approaches to identify proteins from reduced
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amounts of material are critical. Does the CENP-A N-terminus direct its
removal in prophase I? FRAP experiments with truncated CENP-A trans-
genes could give insight into potential phases of meiotic CENP-A turnover
and provide evidence to support a CENP-A quality control check before
chromosome segregation in meiosis I. For this, conditions that enhance the
viability of germ cells in tissues for high-resolution time-lapse imaging are
key.

(iii) Identifying mechanisms that govern the transgenerational inheritance of
CENP-A: In most organisms, CENP-A epigenetically marks the position of
the centromere on male and female gametes, which likely determines cen-
tromere position and function in every cell in the next generation. Therefore,
it is critical that this epigenetic information is transmitted with fidelity from
one generation to the next. On one hand, evidence from flies strongly sup-
ports a template-driven mechanism for CENP-A transmission. It is now
important to confirm if this model holds true through multiple generations
and in other organisms and if so, which molecular mechanisms determine the
quantitative, template-driven inheritance of CENP-A. On the other hand, it is
important to consider the possibility that de novo CENP-A assembly in
zygotes might occur in other species aside from plant and worm. If so, is
CENP-A sufficient to nucleate centromere establishment in this context? It is
also important to consider whether the balance of CENP-A inherited with
male and female gametes is critical. For example, what is the relative con-
tribution of egg and sperm chromatin to centromere identity in progeny and
subsequent generations? What determines dependencies on specific CENP-A
assembly pathways in male and female gametes in a given organism?
Investigations into germ cell centromere dynamics in appropriate model
organisms with short generational times and accessibility to both male and
female gametes are key to the success of such transgenerational studies.
Finally it will be important to determine how CENP-A resists protamine
exchange during sperm differentiation.
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Cell Biology of Cheating—Transmission
of Centromeres and Other Selfish
Elements Through Asymmetric Meiosis

Lukáš Chmátal, Richard M. Schultz, Ben E. Black
and Michael A. Lampson

Abstract Mendel’s First Law of Genetics states that a pair of alleles segregates
randomly during meiosis so that one copy of each is represented equally in gametes.
Whereas male meiosis produces four equal sperm, in female meiosis only one cell,
the egg, survives, and the others degenerate. Meiotic drive is a process in which a
selfish DNA element exploits female meiotic asymmetry and segregates preferen-
tially to the egg in violation of Mendel’s First Law, thereby increasing its trans-
mission to the offspring and frequency in a population. In principle, the selfish
element can consist either of a centromere that increases its transmission via an
altered kinetochore connection to the meiotic spindle or a centromere-like element
that somehow bypasses the kinetochore altogether in doing so. There are now
examples from eukaryotic model systems for both types of meiotic drive. Although
meiotic drive has profound evolutionary consequences across many species, rela-
tively little is known about the underlying mechanisms. We discuss examples in
various systems and open questions about the underlying cell biology, and propose
a mechanism to explain biased segregation in mammalian female meiosis.
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1 Introduction

Asymmetric meiotic division creates an opportunity for cheating when selfish
elements increase their likelihood of transmission to the functional gamete. In cases
where mechanisms of such preferential segregation are understood, they are
mediated by repetitive DNA elements that ultimately interact with microtubules
(MTs). The first example of such preferential transmission was observed by Marcus
Rhoades in maize (Rhoades 1942), and the repetitive DNA elements were termed
‘neocentromeres’ because of their ability to drive segregation at cell division. It
should be noted that because maize neocentromeres use a special connection to
MTs (Yu et al. 1997), they are distinct from “neocentromeres” subsequently
described in many other eukaryotic species that recruit a conventional
kinetochore-mediated MT connection. The term “meiotic drive” was later intro-
duced to emphasize the key role of asymmetric female meiosis (Sandler and
Novitski 1957). Over time, the meaning of “meiotic drive” has been extended to
include other forms of transmission ratio distortion that are not strictly a conse-
quence of asymmetric meiosis (meiotic drive sensu lato, Fig. 1), but could be a
result of post-meiotic processes (e.g., gamete competition, post-fertilization selec-
tion) (Lyttle 1991; Pardo-Manuel de Villena and Sapienza 2001a). Here, we use the
term meiotic drive in its originally defined meaning, as depending on the mechanics
of asymmetric female meiosis (meiotic drive sensu stricto, Fig. 1).

Meiotic drive violates Mendel’s First Law, and although the mechanisms of
meiotic chromosome segregation underlying Mendelian genetics have been
extensively studied, the cell biology of meiotic drive is relatively unexplored. There
are many open questions regarding how selfish elements exploit the meiotic
chromosome segregation machinery to maximize their own propagation. We dis-
cuss examples of meiotic drive in various systems, to illustrate the breadth of the
phenomenon, starting with examples (e.g., plant neocentromeres) that do not
depend on typical centromeres. The mechanisms are unknown in most cases and
raise intriguing questions about the underlying cell and molecular biology. We also
discuss the concept of “centromere drive”, for which cell biological models are
more intuitive but many open questions remain, and propose a mechanism to
explain biased segregation in mammalian female meiosis. Our proposed mechanism
incorporates the apparent paradox that exists because centromeres in most
eukaryotes are defined epigenetically (i.e., not by a particular DNA sequence;
(Black and Cleveland 2011), yet centromere drive is also thought to involve
changes in the underlying DNA that strengthen MT connections (Henikoff et al.
2001). In considering the applicability of our model for mammalian centromeres to
other systems, one should ask the following questions: In which cases does the
drive mechanism rely on repeat expansion or other changes to the DNA sequence
related to modifying a conventional, kinetochore-building centromere? And in
which cases does it relate to creating something altogether different (e.g., the
abnormal, specialized connections seen with maize neocentromeres, detailed
immediately below)?
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2 Abnormal Chromosome 10 in Maize

The first experimental evidence of meiotic drive arose from observations of
abnormal chromosome 10 (Ab10) in maize (Zea mays). In contrast to normal
chromosome 10 (N10), Ab10 contains an extra DNA segment that includes regions
of euchromatin, an inverted portion of N10, and a repetitive DNA sequence (knob).
By following a knob-linked genetic marker, Rhoades showed that Ab10 prefer-
entially segregates to the surviving gamete (megaspore) during female meiosis and
proposed a model to explain the phenomenon (Rhoades 1942, 1952). In this model,
after recombination between the Ab10 and N10 chromosomes, Ab10 knob activity
results in a shifted chromosome position toward meiotic spindle poles in anaphase
I, and this position is maintained through meiosis II. Ab10 is, therefore, more likely
to segregate to the basal cell that later becomes the megaspore, whereas the other
cells degenerate (Fig. 2). Several lines of experimental evidence support Rhoades’s
model (Rhoades and Vilkomerson 1942; Dawe and Cande 1996; Yu et al. 1997).
First, Ab10 knobs act as neocentromeres in that they bind MTs, although they do
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Fig. 1 Meiotic drive terminology. Meiotic drive sensu stricto refers to selfish DNA elements (red
part of chromosome) exploiting asymmetric female meiosis by preferential transmission to the
viable gamete, whereas other gametes degenerate as polar bodies. Meiotic drive sensu lato includes
changes in allele frequency due to other mechanisms, such as gametic competition or embryonic
lethality (Sandler et al. 1959). Black circles indicate centromeres. Adapted from Pardo-Manuel de
Villena and Sapienza (2001a)
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not assemble typical kinetochores as shown by the absence of the major structural
component CENP-C (Dawe et al. 1999). The knobs also lack nucleosomes con-
taining the histone H3 variant, CENP-A, that specify centromere location on typical
chromosomes in maize and other eukaryotes. Second, the knob drives faster
movement of Ab10 to the spindle poles in anaphase, compared to N10, suggesting
that the knob binds a minus-end-directed microtubule motor. Third, in telophase I
the knobs are positioned peripherally, on the poleward side of the nucleus. If this
localization is maintained into meiosis II, through mechanisms that are unclear, the
knobs would end up in the outer megaspores. Multiple other knobs have also been
identified on other maize chromosomes and drive in the presence of Ab10, likely by
a similar mechanism (Longley 1945; Buckler et al. 1999).

More than seven decades after Rhoades’s original model, many outstanding
questions still remain. If the knob binds molecular motors, what motors are
involved, and how is the interaction mediated? Why is the knob active only in
meiosis and not in mitosis? How is drive suppressed by the Smd1 (suppressor of
meiotic drive 1 locus) mutation that was identified using transposon mutagenesis to
isolate maize mutants with reduced meiotic drive (Dawe and Cande 1996)? Another
challenge is to extend the conclusions from cytological experiments performed in
male gametes to biased segregation in the female germline.

3 B Chromosomes

B chromosomes, detected in numerous plants, fungi, and animals (Jones 1995; Burt
and Trivers 2006), represent dispensable DNA elements in addition to the standard
(A) chromosomes. Although B chromosomes evolved from A chromosomes, they
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crossover meiosis I meiosis II
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Fig. 2 Ab10 chromosome in maize. Abnormal chromosome 10 (Ab10) with an extra DNA
sequence (knob, red) recombines with normal chromosome 10 (N10) in meiosis I. Neocentromere
activity of Ab10 knobs leads to faster movement to the cell poles and preferential Ab10 position
maintained through meiosis II, so that Ab10 chromosomes are transmitted into apical and basal
cells. Ab10 transmits preferentially to the next generation because only the basal cell develops to a
functional gamete whereas the others degenerate
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are highly heterochromatic and mostly genetically inactive and act as independent
parasitical units, increasing their frequency in the population (Ӧstergren 1945;
Jones and Rees 1982). B chromosome drive refers to preferential transmission that
can occur as either a pre-meiotic, meiotic, or post-meiotic process, mediated by
various mechanisms in males and females (Hewitt 1976; Jones 1991;
Banaei-Moghaddam et al. 2012). In an example of meiotic B chromosome drive in
grasshopper (Myrmeleotettix maculates), biased transmission into the egg during
female meiosis is mediated by an asymmetric meiotic spindle, with the egg side of
the spindle estimated as approximately three times longer than the polar body side
(Hewitt 1976; Jones 1991). A simple model is that B chromosome positioning on
such a meiotic spindle is random, so the chromosome more likely attaches to the
larger, egg side of the spindle. The mechanistic bases are unknown for both ele-
ments of the drive model: B chromosome attachment to the spindle and meiotic
spindle asymmetry.

4 Driving Loci in Mouse

Several non-centromere driving loci have been identified in mouse. One example is
a homogeneously staining region (HSR) of long-range repeats of about 100 kb
each, found on chromosome 1 in remote natural populations of Mus musculus
musculus (Traut et al. 1984; Yukimenko and Korobitsyna 1988; Agulnik et al.
1990, 1993a, b, c; Sabantsev et al. 1993). An inversion (In) splits the HSR sequence
into two distinct loci (Fig. 3a), and females heterozygous for the inverted HSR
repeat (In/+) preferentially transmit In over the normal chromosome 1 (*85% vs.
15%). Because HSR is far from the centromere, it frequently segregates from the
normal chromosome 1 in MII due to recombination, which implies that drive occurs
in MII (Fig. 3b) (Ruvinsky 1995). Another example of meiotic drive at MII is the
Ovum mutant locus (Om) mapped to mouse chromosome 11 (Pardo-Manuel de
Villena et al. 2000; Wu et al. 2005). Intriguingly, MII drive in both cases depends
on the genotype of the sperm, for example only if the In/+ MII egg is fertilized by
sperm with the normal version of chromosome 1 lacking the HSR.

A third example of a driving locus, with as high as 94% preferential transmission
in heterozygous females, is R2d2 (Responder to drive on chromosome 2) (Didion
et al. 2015), a massive copy number expansion formed by 36 units of repetitive
DNA. Drive depends on R2d2 expansion, as a strain with only one unit of this
repetitive sequence does not exhibit drive. In all three cases of driving loci in
mouse, the underlying mechanisms are completely unknown. Outstanding ques-
tions include whether any of the loci exhibit neocentromere activity (similar to
Ab10), possible contributions of genes present in the HSR or in the R2d2 cluster,
and how the sperm contributes to drive in MII. Future studies in these drive systems
may provide new insight into meiotic chromosome segregation.
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Fig. 3 Abnormal chromosome 1 in mouse. a Normal chromosome 1 and its abnormal forms with
the homogeneously staining region (HSR) or the inverted HSR (In). b Chromosome 1 with the
inverted HSR drives in MI when no crossover occurs (rare) and in MII when In recombines with
normal chromosome 1 (frequent). Adapted from Ruvinsky (1995)
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5 Univalent X Chromosome Segregation

Female mice with only one X chromosome in their karyotype (XO) are fertile
(unlike human XO) and preferentially produce XX females (60%) rather than XO
females (40%) when crossed to normal males (Cattanach 1962; Kaufman 1972).
These findings imply that the single X chromosome is preferentially retained in
female MI oocytes. Visualizing the X chromosome in MII eggs from XO females
shows that 30% of the oocytes segregate the single X sister chromatids equationally
in MI with no drive, and the remaining 70% of oocytes segregate the complete X
univalent preferentially to the egg rather than to the polar body (2:1 bias) (Fig. 4a)
(LeMaire-Adkins and Hunt 2000). How biased segregation of X univalents is
achieved is unclear, but the mechanism may be similar to centromere drive as
discussed below.

Caenorhabditis elegans with an additional X chromosome (XX + X) produce
*70% normal ova with a single X, and only 30% defective ova with two X
chromosomes, suggesting preferential segregation of the extra X to the polar body
(Hodgkin et al. 1979). Consistent with these results, X univalents are preferentially
eliminated during MI in him-8 mutants in which chiasmata fail to form between the
two X chromosomes in a normal XX karyotype (Cortes et al. 2015). The biased
univalent segregation during anaphase I is likely due its abnormal position on the
MI spindle, closer to the cortex, and the position of the contractile ring separating
the ovum and the first polar body. The contractile ring forms preferentially between
the lagging univalent chromosome and the egg spindle pole, so the univalent ends
up in the polar body (Fig. 4b). This mechanism is not specific for univalent X
chromosomes but likely applies to all univalents (Cortes et al. 2015). How lagging
univalents influence the position of the contractile ring is unclear.

6 Centromere-Associated Drive in Yellow
Monkey-Flowers (Mimulus guttatus)

In natural populations of yellow monkey-flower (Mimulus guttatus), the D allele
exhibits almost complete (98%) transmission advantage in interspecific crosses
between M. guttatus and Mylohyus nasutus (Fishman and Willis 2005). This biased
transmission strongly correlates with the presence of an extra centromere-associated
DNA repeat domain (Fishman and Saunders 2008). Preferential transmission of the
D allele (58%) is also detected within M. guttatus but is counterbalanced by male
infertility, as M. guttatus homozygous for the D allele suffer from significantly
reduced pollen viability, compared to other genotypic classes. Thus, the balance
between transmission advantage of the D allele through females and pollen invi-
ability in males leads to a D allele polymorphism in M. guttatus populations.

Overall the observations in monkey-flower support the centromere drive
hypothesis (Henikoff et al. 2001; Malik and Henikoff 2009). In this model,

Cell biology of Cheating—Transmission of Centromeres … 383



“stronger” centromeres with expanded repetitive sequences recruit more kineto-
chore proteins and are more likely to remain in the egg during female meiosis,
which would provide a selective advantage driving centromere expansion.
However, imbalances between centromeres may also be associated with a fitness
cost, such as reduced male fertility, creating selection pressure to equalize kine-
tochores by changing the centromere proteins binding to the expanded repeats.
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Fig. 4 XO chromosome drive in mouse and C. elegans. a In XO mouse oocytes, an unpaired X
chromosome is either preferentially retained in the egg as an intact univalent during MI (i) or the
two sister chromatids segregate equationally in MI (ii). b A univalent X chromosome is
preferentially expelled to the polar body during MI in C. elegans due to its lagging position at the
metaphase plate and the positioning of the contractile ring. Adapted from LeMaire-Adkins and
Hunt (2000) and Cortes et al. (2015)
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Such opposite selection forces may explain the paradox of rapidly evolving cen-
tromere sequences and proteins that bind to them, despite conserved centromere
function (Henikoff et al. 2001).

Although the observations in monkey-flower are largely consistent with the
centromere drive hypothesis, several fundamental questions remain. What are the
consequences of the centromere expansion for kinetochore function, how do
chromosomes with the D allele achieve preferential segregation, how does cen-
tromere strength relate to the typical epigenetic determinants of centromere
identity, and what is the cause of reduced male fertility? Future mechanistic studies
may yield exciting insights into the cell biology of centromere drive, particularly
given the magnitude of transmission bias in this system.

7 Robertsonian Fusion Chromosomes in Mouse

Robertsonian (Rb) fusions are common chromosomal rearrangements formed by
two telocentric chromosomes (centromere at the end) joining at their centromeres to
create one metacentric chromosome (internal centromere) (Fig. 5a) (White et al.
2010). Because they occur with high frequency in the germline compared to other
rearrangements (Evans et al. 1978; Jacobs et al. 1992), their preferential accumu-
lation through female meiosis can lead to massive karyotype change from a pre-
dominantly telocentric to a predominantly metacentric chromosome constitution.
Western house mouse (Mus musculus domesticus) is an example of such karyotype
divergence (Gropp et al. 1969; Piálek et al. 2005). The karyotype typically consists
of all telocentric chromosomes (2N = 40), but numerous natural mouse populations
have fixed multiple different Rb fusions within 102–105 years, reducing their
chromosome numbers to almost a half in some cases (e.g., 2N = 22) (Piálek et al.
2005; Garagna et al. 2014).

Fixation of Rb fusions can be explained by meiotic drive. When a new Rb fusion
forms in the germline and is present in the heterozygous state, it pairs with the
homologous telocentric chromosomes to form a trivalent in MI (Fig. 5a). Biased
segregation of the Rb fusion can in principle drive karyotype change in a population
(Fig. 5b) (Pardo-Manuel de Vill ena and Sapienza 2001b). According to this model,
Rb fusions segregate preferentially to the egg in natural populations that have
changed karyotype by accumulating metacentric Rb fusions, and preferentially to
the polar body in other populations that have remained telocentric. Such biased
transmission of Rb fusions is consistent with karyotype change in numerous other
mammalian species (Buckland and Evans 1978; Pardo-Manuel de Villena and
Sapienza 2001b; Aniskin et al. 2006; Mao et al. 2008; White et al. 2010) and with
preferential retention of Rb fusions in the egg in humans, which tends to maintain
the fusions in the female germline and increases the risk of producing aneuploid
eggs (de Villena and Sapienza 2001).

Consistent with the centromere drive hypothesis (Henikoff et al. 2001), prefer-
ential transmission of Rb fusions correlates with the strength of the fusion
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centromere relative to centromeres of the homologous unfused telocentrics, as
determined in several ways (Chmátal et al. 2014). First, in an oocyte heterozygous
for a single Rb fusion, kinetochore proteins are enriched at centromeres of the
telocentric chromosomes that preferentially remain in the egg, relative to the
homologous metacentric fusion that preferentially segregates to the polar body.
These kinetochore proteins include CENP-A and the major MT-binding protein
NDC80/HEC1. Second, in a natural metacentric population that accumulated Rb
fusions (CHPO, 2n = 26), the fusion centromeres are enriched for these same
kinetochore proteins relative to the telocentric chromosomes. Biased segregation
cannot be measured in CHPO because the metacentrics are present in the
homozygous state, but it is likely that these fusions were subject to drive to pref-
erentially remain in the egg as they accumulated in the population. Third, CHPO
centromeres overall recruit less NDC80/HEC1 compared to a standard lab strain
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Fig. 5 Rb fusion chromosomes in mouse. a Rb fusion and trivalent formation. b Two possible
outcomes of trivalent segregation in MI. c Model of Rb fusion drive in different directions in
populations with strong or weak centromere backgrounds (see text for details). Centromere
strength is indicated by the size of the circle (red Rb fusion, black telocentric). Adapted from
Chmátal et al. (2014)
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such as CF-1. Because CHPO contains telocentrics as well as metacentrics, a
CHPO � CF-1 cross generates asymmetric bivalents with different levels of
NDC80/HEC1 on the two sides of the bivalent. These bivalents are positioned
off-center on the MI spindle, indicating that the larger kinetochores bind more MTs.
Together, these data establish correlations between kinetochore size as measured by
the abundance of MT-binding kinetochore proteins, MT-binding capacity, and
preferential retention of the chromosome in the egg; centromere strength can be
considered to reflect all three characteristics.

Based on these results, we proposed a model for how Rb fusions can exhibit
drive in opposite directions to either maintain a telocentric karyotype or accumulate
metacentrics, based on relative centromere strength (Fig. 5c). If centromere strength
varies between populations, the strength of a newly formed Rb fusion centromere
relative to the homologous telocentrics may depend on the background in which the
fusion occurs. In this model, fusions arising on a strong centromere background
would tend to have weaker centromeres than the homologous telocentrics, so that
the fusions would preferentially segregate to the polar body and disappear from the
population. Conversely, fusions arising on a weak centromere background would
be stronger than the telocentrics and accumulate in the population because they are
preferentially retained in the egg. This model is supported by kinetochore protein
(NDC80/HEC1) staining in mice from various geographical regions in Europe,
which suggests that natural metacentric populations (like CHPO) generally have
weaker centromeres, which would have predisposed them to accumulate meta-
centrics (Chmátal et al. 2014).

8 Mechanistic Models of Meiotic Drive—Weaker
and Stronger Centromeres

In general, models for meiotic drive acting on homologous chromosomes include
functional heterozygosity of the drive locus, which influences chromosome inter-
actions with the meiotic spindle, and asymmetry in meiosis with respect to cell fate
(Rhoades 1952; Pardo-Manuel de Villena and Sapienza 2001a; Henikoff et al.
2001). In the most intuitive case the drive locus is the centromere, and centromeres
of different strengths form kinetochores that interact differently with MTs.
Alternatively, the drive locus exhibits neocentromere activity, independent of the
normal centromere, as shown for Ab10. Many outstanding questions remain about
the cell biology of various meiotic drive systems. For example, what is the
molecular basis of Ab10 neocentromere activity, and how do other non-centromere
drive loci (such as R2d2) influence MT interactions? Furthermore, the centromere
drive hypothesis suggests that centromere strength depends on centromere DNA,
but it is unclear how DNA sequence can influence kinetochore function, given that
centromeres are typically specified epigenetically (Black and Cleveland 2011). In
particular, it is not yet clear how centromeres may drive in individuals within a
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species where a centromere has moved to a location lacking centromere repeats, or
within an entire species, like orangutan (Locke et al. 2011), horse (Wade et al.
2009), or chicken (Shang et al. 2010) where an ‘evolutionary new centromere’ has
formed on one or more chromosomes. There is some evidence that human neo-
centromeres may be weaker by virtue of faulty mitotic error correction (Bassett
et al. 2010) or through reduced recruitment of the constitutive
centromere-associated network (CCAN) of proteins (Fachinetti et al. 2015).

It is clearly important to distinguish kinetochore-independent drive models,
where expansion of repetitive DNA elements at a non-centromere locus generates
and expands an interaction with the spindle (e.g., maize knob neocentromeres)
(Fig. 6a), from those where centromere strength is increased by somehow building
a larger kinetochore (e.g., mouse centromeres) (Fig. 6b). Because there is a strong
epigenetic component to centromere identity that would impact the latter form of
drive, proteins that define a functional centromere are likely involved in both
generating a stronger centromere and as candidates to evolve to counteract the
proposed detrimental consequences of imbalances between stronger and weaker
centromeres (Henikoff et al. 2001).

Maize knob neocentromeres

repeat 
expansion

DNA repeat

centromeric
DNA

kinetochore

gain of spindle interaction, 
independent of kinetochore

MT-interacting 
protein

Mouse centromere drive

stronger 
kinetochores

differential kinetochore interactions 
with the spindle

(a)

(b)

Fig. 6 Knob neocentromeres and expanded mammalian centromeres interact differently with
meiotic spindle MTs. a Knob repeat expansion with kinetochore-independent interactions with
MTs leading to a preferential position on the spindle. b Centromere expansion to achieve higher
levels of kinetochore proteins and preferential orientation on the spindle. In each case the modified
chromosome is shown on the spindle pairing with its homologous partner. Sister chromatids are
not shown for simplicity
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Focus has logically fallen on the CENP-A nucleosomes that mark centromere
location and the proteins immediately proximal to it. A high local concentration of
CENP-A nucleosomes recruit the constitutive centromere-associated network
(CCAN) of 16 proteins, some of which are involved in the epigenetic recruitment of
new CENP-A at each cell cycle to propagate centromere identity and/or the
assembly of the mitotic kinetochore (McKinley and Cheeseman 2016). At least two
CCAN components, CENP-C and CENP-N, also help maintain centromere identity
by driving a nucleosome structural transition that stabilizes CENP-A at the cen-
tromere (CENP-C) (Falk et al. 2015, 2016) and fastening CENP-A to the DNA
(CENP-N) (Guo et al. 2017).

The amino acid changes inCENP-A, relative to its canonical counterpart histoneH3,
distinguish CENP-A chromatin from bulk chromatin. Thus, it is worth considering the
molecular basis for the epigenetic features thatmay participate in centromere drive. The
CENP-AN-terminal ‘tail’ has been proposed to interact with CENP-B (Fachinetti et al.
2015), a protein that directly binds to a specific sequence found in typical mammalian
centromere DNA repeats (Masumoto et al. 1989). The N-terminal tail also appears to
have a CENP-B-independent role in centromere function (Folco et al. 2015; Logsdon
et al. 2015). The histone-fold domain harbors the CENP-A targeting domain (CATD)
that is sufficient for centromere targeting (Black et al. 2004) through recognition by its
specific histone chaperone, HJURP (Foltz et al. 2009). The CATD also drives three
structural and dynamic features particular to centromeric nucleosomes. First, theCATD
contains hydrophobic stitches that stabilize the (CENP-A/H4)2 heterotetramer (Black
et al. 2004; Sekulic et al. 2010; Bassett et al. 2012). Second, the CATD drives an
atypically shaped nucleosome (Sekulic et al. 2010; Falk et al. 2015, 2016) that only
achieves its full stability after the CCAN component, CENP-C, drives a structural
transition that rigidifies internal inter-histone connections (Falk et al. 2015, 2016).
Third, the CATD includes residues that generate a bulged loopL1 that extends from the
histone surface of the nucleosome (Sekulic et al. 2010; Tachiwana et al. 2011) and
recruits the CCAN component, CENP-N (Carroll et al. 2009; Fang et al. 2015; Guo
et al. 2017). In addition, the CATD and the C-terminal tail of CENP-A recruits the
CCAN component CENP-C (Carroll et al. 2010; Kato et al. 2013; Logsdon et al. 2015;
Tachiwana et al. 2015;Westhorpe et al. 2015). Outside of the CATD, a divergent helix
(the aN helix) at the connection to the final turn of nucleosomal DNA has changes
relative to H3 that lead to looser wrapping at this particular part of the nucleosome
(Conde e Silva et al. 2007; Panchenko et al. 2011; Tachiwana et al. 2011; Hasson et al.
2013;Roulland et al. 2016).Ongoing research is aimed at understanding the importance
of each of these distinguishing features of centromeric nucleosomes in producing the
epigenetic mark that defines centromere location.

In all likely models for centromere propagation, new CENP-A deposition at the
centromere involves nascent CENP-A chromatin assembly once per cell cycle at or near
the site of preexisting CENP-A nucleosomes. The special stability of this chromatin
(Bodor et al. 2013; Falk et al. 2015) thenmaintains the centromere over the demandingly
long timescales required inmammalian biology (Smoak et al. 2016). It is very likely that
someof themolecular featuresdescribed aboveplayprominent roles in centromeredrive
mechanisms in diverse eukaryotes, contributing to differences in centromere strength.
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9 Mechanistic Models of Meiotic Drive-Spindle
Asymmetry

In many cases, drive models also depend on functional asymmetry in the meiotic
spindle that biases the segregation of bivalents or trivalents in MI or sister chro-
mosomes in MII (Pardo-Manuel de Villena and Sapienza 2001a; Henikoff et al.
2001). Meiotic spindle asymmetry has been reported in grasshopper (Hewitt 1976),
as well as examples in several other organisms (Crowder et al. 2015). We also
observe asymmetry within the MI spindle in mouse oocytes, with MTs closer to the
cortex more stable than those farther from the cortex (our unpublished results)
(Fig. 7a). How spindle asymmetry is regulated is not known, but possible mech-
anisms include: (1) regulation of MT dynamics by an unknown cortical signal, or
(2) asymmetric distribution of spindle pole proteins, as observed in previous studies
(Carabatsos et al. 2000; Shuda et al. 2009; Meng et al. 2004; Michaut et al. 2005).
The first mechanism simplifies the problem in that it would also explain how the
asymmetric spindle orients relative to the cortex.

Based on our observations of spindle asymmetry in mouse oocytes and prefer-
ential retention of stronger centromeres in the egg, we speculate on models for
meiotic drive in mammalian female meiosis. Two mechanisms, which are not

preferential trivalent orientation

more stable
less dynamic

less stable
more dynamic

cortexMI spindle microtubules

cortex 1. 2. 3.

strong centromere populations

weak centromere populations

polar
 body

egg
asymmetric bivalent orientation

metaphase I anaphase I

(b)

(c)(a)

Fig. 7 Model for meiotic drive in mouse oocytes. a An asymmetric MI spindle with more stable
MTs oriented toward the oocyte cortex. b Orientation of an asymmetric bivalent on the asymmetric
MI spindle. The weaker centromere preferentially orients toward the more stable MTs on the
cortical side of the spindle. c Model for preferential Rb fusion segregation in strong and weak
centromere populations, based on trivalent orientation on the asymmetric MI spindle. Centromere
strength is indicated by the size of the circle (red Rb fusion, black telocentric)
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mutually exclusive, could explain preferential orientation of weaker centromeres
toward more stable MTs at the cortical pole and stronger centromere toward less
stable (more dynamic) MTs at the egg pole (Fig. 7b). First, more dynamic MTs
from the egg pole may initially capture the stronger centromeres, which provide a
larger target with more MT-binding proteins at their kinetochores. Weaker cen-
tromeres would subsequently bind MTs from the cortical pole to establish tension
across the bivalent. Second, the bivalent may sample both orientations, and one is
preferred because it is relatively more stable than the other. Under this model the
interaction of the weak centromere with more dynamic MTs is labile and will tend
to re-orient, and the interaction of the weak centromere with more stable MTs is
preferred. This trial-and-error mechanism, in which the preferred configuration is
selectively stabilized, is analogous to the long-standing model for how correct,
bi-oriented attachments are stabilized by tension (Nicklas 1997), but in this case the
outcome is biased orientation. Further observations from live imaging of chromo-
some dynamics during MI may test these models.

The same models can explain the preferential orientation and segregation of a
trivalent. The stronger centromeres may attach first to the more dynamic egg pole,
and/or the interaction of weak centromeres with more dynamic MTs may be
unstable. As a result, the Rb fusion centromere orients preferentially to the egg pole
if it is stronger relative to the homologous telocentrics, or preferentially to the
cortical pole if it is relatively weaker (Fig. 7c).

10 Conclusion

Chromosomal rearrangements are frequent events involving chromosomal fusion,
fission (chromosomal splitting) or translocations. Their role in speciation via mei-
otic drive was proposed nearly 50 years ago: “It may be that the very few chro-
mosomal rearrangements which play a critical role in speciation through the
ability to generate powerful isolating mechanisms are precisely those which hap-
pen to possess a segregational advantage in the female meiosis” (White 1968).
Under that model karyotype of a given species is not fixed but can change over
time. If karyotype changes between populations by preferential transmission of a
chromosomal rearrangement (such as an Rb fusion) through female meiosis, mei-
otic abnormalities in the hybrids would generate a reproduction barrier, promoting
speciation (Hauffe et al. 2012; Shurtliff 2013). Chromosomal reorganizations are
also a major mechanism of reproductive isolation in Saccharomyces cerevisiae
(Hou et al. 2014) and contribute to karyotype evolution in higher plants (Jones
1998). In addition, meiotic drive of Rb fusions can explain the bimodal distribution
of mammalian karyotypes: most species have either predominantly telocentric or
predominantly metacentric karyotypes. A similar bimodal distribution of kary-
otypes is found in fish (Molina et al. 2014). Transmission advantage of either
chromosomal fusions (metacentrics) or fissions (telocentrics) through female
meiosis predicts the biased accumulation of a given chromosomal rearrangement,
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which would shape the karyotype in one direction or the other, depending on the
direction of drive.

There is a deleterious effect on male carriers in several meiotic drive systems.
For example, Ab10 exhibits reduced pollen fitness, probably due to late replication
of the knob sequence that extends the cell cycle and leads to mitotic abnormalities
in microsporogenesis (Fluminhan and Kameya 1997), and the overall frequency in
natural populations is low (*14%) (Buckler et al. 1999). In monkey-flower, pollen
grains from males homozygous for the D allele have reduced fitness (Fishman and
Saunders 2008). Similarly, male mice with Rb fusion chromosomes in the
heterozygous state, which form trivalents, tend to have decreased fitness due to
higher incidence of chromosome nondisjunction during meiosis (Manieu et al.
2014; Green 1981). Such deleterious effects may be frequently linked to drive in
systems that have been studied because these deleterious effects prevent complete
fixation of a selfish element; otherwise, there would be no meiotic drive to measure.

The various systems exhibiting meiotic drive share one common aspect: an
asymmetric meiotic division. Distinct gamete architecture is one of the strongest
differences between sexes (Gorelick et al. 2016). Male gametes are typically small,
abundant and autonomously moving elements, whereas female gametes are large,
stockpiled, stationary cells that are limited in number. An elegant way to achieve
such desired egg morphology is combining the cytoplasm from several cells while
expelling the redundant DNA, by dividing asymmetrically. Alternatively, asym-
metry in meiosis could be explained by selfish DNA elements competing for their
transmission. In this model, the DNA elements would transform the architecture of
gametogenesis to trigger the elimination of gametes that are not transmitting them
(Malik and Henikoff 2009). On the other hand, evolution of asymmetric meiosis
could have been driven by the opposite force, to eliminate selfish elements.
Regardless of the evolutionary force driving the asymmetry in meiosis, it was
evolutionarily successful as it arose independently several times (Malik and
Henikoff 2009), and it seems inevitable that selfish elements will exploit the
opportunity to increase their chances of survival.

We call attention to a study (Iwata-Otsubo et al. 2017) published during the
production of this book. This study provides evidence that amplified satellite
repeats act as selfish elements in female meiosis.
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Biophysics of Microtubule End Coupling
at the Kinetochore

Ekaterina L. Grishchuk

Abstract The main physiological function of mitotic kinetochores is to provide
durable attachment to spindle microtubules, which segregate chromosomes in order
to partition them equally between the two daughter cells. Numerous kinetochore
components that can bind directly to microtubules have been identified, including
ATP-dependent motors and various microtubule-associated proteins with no motor
activity. A major challenge facing the field is to explain chromosome motions based
on the biochemical and structural properties of these individual kinetochore com-
ponents and their assemblies. This chapter reviews the molecular mechanisms
responsible for the motions associated with dynamic microtubule tips at the
single-molecule level, as well as the activities of multimolecular ensembles called
couplers. These couplers enable persistent kinetochore motion even under load, but
their exact composition and structure remain unknown. Because no natural or
artificial macro-machines function in an analogous manner to these molecular
nano-devices, understanding their underlying biophysical mechanisms will require
conceptual advances.

Key terminology

Microtubule end-tracking ability of the kinetochore (or isolated protein) to
move with a dynamic microtubule end;

Microtubule end conversion transition from microtubule wall binding to
microtubule-end attachment and subsequent micro-
tubule end-tracking;
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Microtubule end coupler a mobile protein-mediated link between a dynamic
microtubule end and a cargo (chromosome or
microbead);

Load-bearing ability of microtubule end coupling to persist under
tension.

1 The Kinetochore as a Versatile Molecular Machine

Kinetochores are multicomponent molecular assemblies that are capable of various
modes of microtubule-dependent motility (reviewed in Mitchison 1988; Rieder and
Salmon 1998; McIntosh et al. 2002). Elucidating how the underlying connections
are established, maintained, and regulated is crucial for our understanding of normal
cell division.

1.1 Microtubule Wall-to-End Transition

Early in mitosis, kinetochores often bind to the walls of spindle microtubules
(Hayden et al. 1990; Tanaka et al. 2005; Magidson et al. 2011). The initial binding
is facilitated by an expansion of the outer kinetochore layer, called the corona,
which is rich in dynein and the kinetochore-localized kinesin CENP-E (Pfarr et al.
1990; Steuer et al. 1990; Cooke et al. 1997; Yao et al. 1997; Putkey et al. 2002;
Wan et al. 2009). These mechanochemical enzymes use ATP to drive kinetochore
motion along the microtubule. This mode of kinetochore motility is similar to the
transport of other intracellular organelles containing motors of opposite polarities,
e.g., during axonal or intraflagellar transport. In many cell types, mitotic kineto-
chores simultaneously contain dynein, a minus-end–directed transporter that moves
the chromosomes to the spindle poles, and CENP-E kinesin, a plus-end-directed
motor that helps to gather chromosomes at the spindle equator (Fig. 1a).

Many questions persist regarding the coordination of these opposing activities,
and the role of a “polar wind,” a microtubule-dependent force acting on the
chromosome arms and pushing chromosomes away from the spindle poles (Ke
et al. 2009; Cheerambathur et al. 2013; Barisic et al. 2014). Collectively, these
forces ultimately transport kinetochores to the spindle midzone, where the micro-
tubule plus ends are located. Not all chromosomes in a typical mammalian cell
undergo long-distance transport along microtubule walls before coming into contact
with the plus ends, and many of the translocations that do occur are probably too
short to be detected (Magidson et al. 2011). Furthermore, some microtubule ends
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become captured by kinetochores via either a direct encounter or following
depolymerization of the laterally bound microtubule (Fig. 1a). Through these
various mechanisms, the predominantly lateral microtubule attachments are grad-
ually replaced by attachment to microtubule ends, often referred to as “end-on”
binding, a prerequisite for normal segregation (reviewed in Tanaka 2010;
Cheerambathur and Desai 2014). No other essential cellular cargo undergoes such a
dramatic wall-to-end transition, and the biophysical mechanisms underlying this
dynamic process remain poorly understood.

tracking under load(b)(a) wall-to-end transition

assisting

opposing

Fig. 1 Modes of kinetochore motility. Each cartoon shows a microtubule plus end interacting
with a kinetochore (in red). In the microtubules, GTP-bound tubulin dimers are shown in brown
and GDP-tubulin dimers in green. Black arrows indicate kinetochore motion, and white arrows
indicate direction of microtubule dynamics. a Pathways that bring a laterally attached kinetochore
in contact with the plus end of a dynamic microtubule. Left Plus-end-directed
kinetochore-localized kinesin CENP-E transports the kinetochore, dragging it along the
microtubule wall. Right When the microtubule depolymerizes, its plus end reaches the
wall-bound kinetochore. The kinetochore rotates to assume microtubule end-on attachment due
to the forces exerted by other spindle microtubules (not shown), which orient the sister kinetochore
pair coaxially with the spindle (e.g., see Zaytsev and Grishchuk 2015). For simplicity, the
kinetochore is drawn as a small oval, whereas in reality the size of the vertebrate kinetochore is
10–20-fold larger than the diameter of the microtubule; chromosome arms (blue) are also depicted
on a much smaller scale. b In the end-on attachment mode, the kinetochore tracks the dynamic
microtubule ends bidirectionally and processively. In metaphase, force acting from the sister
kinetochore (upward red arrow) assists the motion of the kinetochore when it moves at the
polymerizing end, but exerts a load when the kinetochore reverses its motion and tracks the end of
depolymerizing microtubule. The fine structure of the kinetochore-bound microtubule ends is not
known, but the ends of polymerizing and depolymerizing kinetochore microtubules appear quite
similar, with protofilament flare smaller than that in freely depolymerizing microtubules, but larger
than that in freely polymerizing microtubules in vitro (McIntosh et al. 2008)
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1.2 Bidirectional Processive Tracking of the Dynamic
Microtubule Ends

The mechanism by which kinetochores maintain their persistent association with
microtubule ends also remains to be elucidated (Inoué and Salmon 1995; Maiato
et al. 2004). Textbook images of the kinetochores, e.g., in PtK1 cells, show kine-
tochore “plates,” but these dense structures are seen only on a subset of kineto-
chores after conventional chemical fixation (Rieder 1982; O’Connell et al. 2012).
Methods that preserve cellular structures more accurately, such as rapid freezing
and freeze substitution, reveal subtler plates resembling a fibrous meshwork
(McEwen et al. 1998; Dong et al. 2007; McIntosh et al. 2008, 2013). Microtubule
plus ends become embedded within this meshwork while exhibiting a conspicuous
flaring of linear tubulin arrays called protofilaments (Fig. 1).

Remarkably, the attachments between the embedded ends and kinetochore are
not static, but instead exhibit dynamic instability (Mitchison et al. 1986; Skibbens
et al. 1993), although with different rates and transition frequencies than unbound
microtubule ends. As tubulin subunits are added or lost from these ends, the
kinetochores move concomitantly (reviewed in Rieder and Salmon 1998; Maiato
et al. 2004; Cheeseman and Desai 2008; Santaguida and Musacchio 2009), a
behavior referred to as microtubule tip- or end-tracking. Thus, during microtubule
end conversion, the kinetochores first transit from wall-to-end binding, then con-
tinuously track the dynamic microtubule ends. Kinetochore tracking is bidirectional
during chromosome oscillations in metaphase, whereas during anaphase the
tip-tracking motion is almost exclusively toward the spindle poles. Strikingly, the
fine structure of kinetochore–microtubule ends differs only slightly during these
stages (McIntosh et al. 2008). This observation is contrary to expectations based on
in vitro studies with purified tubulin, in which the structures of polymerizing and
depolymerizing ends are dramatically different. At the kinetochore, both poly-
merizing and depolymerizing microtubule ends contain flaring protofilaments
(Fig. 1b). As described later in this chapter, several molecular mechanisms could in
principle explain bidirectional kinetochore tracking of dynamic microtubule ends,
but many questions remain regarding the identity of the molecules involved and
their respective contributions.

1.3 Load-Bearing by Tracking Kinetochores

In cells, kinetochore–microtubule connections are maintained even in the presence
of opposing forces (Fig. 1b), as evidenced by chromatin stretching between
bi-oriented sister kinetochores in metaphase (reviewed in Rieder and Salmon 1998;
Rago and Cheeseman 2013). The magnitudes of the forces at these stretched
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kinetochores, and those that move in anaphase, remain unknown. Because chro-
mosome motions at the ends of kinetochore microtubules in metaphase and ana-
phase are relatively slow (1–3 µm/min), the force required to move a typically sized
mammalian chromosome in the end-on configuration is very small, on the order of
1 pN (Nicklas 1965; Taylor 1965; Alexander and Rieder 1991). Nonetheless, some
estimates suggest that mitotic kinetochores experience forces up to 10 pN (reviewed
in Asbury et al. 2011), whereas other studies indicate that the physiological load at
the kinetochore may reach hundreds of pN (Alexander and Rieder 1991; Ye et al.
2016). On the scale of intracellular transport, this is a very large force; by com-
parison, the CENP-E kinesin stall force is 5 pN (Yardimci et al. 2008).
Micromanipulation studies in grasshopper spermatocytes suggest that end-on
attached kinetochores can move even under loads of 400–600 pN (Nicklas 1983).
Analogous experiments in vertebrate cells are lacking because of the difficulty of
applying calibrated forces in these more fragile cells (Skibbens and Salmon 1997).
Although laser trapping of segregating chromosomes in different cell types shows
that they can be stalled by forces on the order of 2–10 pN (Ferraro-Gideon et al.
2013), the direct manipulation of chromosomes with a powerful laser beam is likely
to be harmful. Kinetochore particles isolated from budding yeast can stay attached
to dynamic microtubule ends under the forces of up to 10 pN (Akiyoshi et al. 2010).
Thus, although direct measurements of average physiological loads and maximal
(stall) forces in live dividing cells are still lacking, it is plausible that larger kine-
tochores, such as those of human cells, which connect to 15–20 microtubules, are
built to withstand significant forces.

The ability of kinetochores to continue their motions despite significant
opposing loads may constitute a fail-safe mechanism for preventing chromosome
loss, which could result from resistance due to cellular obstacles or from counter-
action by improperly attached (merotelic) microtubules in anaphase (Cimini et al.
2004). The specific molecular mechanisms that govern kinetochore motility under
load remain largely unknown (reviewed by Inoué and Salmon 1995; Joglekar et al.
2010). Accordingly, the overarching goal of this field is not only to identify the key
components, but also to understand the underlying biophysical mechanisms, which
are far from trivial. Indeed, the coexistence of the two major properties of the
kinetochore (the processive tracking and persistence under force) is counterintu-
itive, because tracking implies mobility (i.e., constant dissolution of existing
kinetochore–microtubule bonds and formation of new bonds), whereas stability of
attachment is most feasibly ensured by static bonds (reviewed in Mitchison 1988;
Inoué and Salmon 1995; Grishchuk et al. 2012). Understanding of such intricate
biophysical relationships has been facilitated by a combination of in vitro recon-
stitutions and quantitative experimental and theoretical approaches, as summarized
briefly in the following sections.
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2 Molecular Mechanisms of Microtubule Tip-Tracking

Classical experiments identified the kinetochore as the major site of force genera-
tion for chromosome motion (Nicklas 1989; Khodjakov and Rieder 1996).
However, subsequent analyses revealed that kinetochore-localized
microtubule-dependent motors are largely dispensable for chromosome motions
(Grishchuk and McIntosh 2006; Tanaka et al. 2007), implying that the dynamics of
end-on attached microtubules are the primary driver of chromosome motility (re-
viewed in Inoué and Salmon 1995; McIntosh et al. 2010). In this sense, the kine-
tochore is not a motor per se, but rather a complex macromolecular device that
couples chromosomes to the ends of microtubules that do the actual work of
translocation. One possible explanation of the ability of kinetochores to track
microtubule ends is that it results directly from the activities of various
kinetochore-localized microtubule-binding proteins that are capable of tracking at a
single-molecule level. Such molecules could create individual mobile molecular
bonds between kinetochores and microtubules, enabling processive kinetochore
motions. Alternatively, kinetochore tip-tracking could emerge from the collective
behavior of multiple molecules that are individually incapable of tracking (or track
poorly) at the single-molecule level. Therefore, it is important to identify the
tip-tracking abilities of all kinetochore-localized microtubule binders and their
multi-molecular assemblies, elucidate the underlying biophysical mechanisms, and
determine the respective contribution of these mechanisms to kinetochore tracking.

2.1 Affinity-Based Microtubule Tip-Tracking

2.1.1 Polymerizing Microtubule Ends

The EB proteins are a well-characterized example of affinity-based tracking of
polymerizing microtubule tips (reviewed in Akhmanova and Steinmetz 2010).
These proteins discriminate between different types of microtubule lattices, as
demonstrated by their strong preference for tubulin polymerized with
non-hydrolysable GTP analogs in vitro (Zanic et al. 2009; Maurer et al. 2011).
Because microtubule tips grow by addition of tubulins bound to GTP that is later
hydrolyzed to GDP, the nascent microtubule wall is rich in GTP-tubulin (Desai and
Mitchison 1997). When microtubules polymerize in the presence of soluble
fluorescently labeled EB proteins, their growing ends are highlighted and appear as
moving “comets,” whereas the shortening ends are not labeled. Individual EB
molecules bind to the tip region very transiently (0.05–0.8 s) (Bieling et al. 2008;
Chen et al. 2014). Although a single EB molecule is capable of diffusive motions on
the microtubule wall, the transient nature of this interaction prevents the individual
molecule from moving processively (see below). Hence, tip-tracking by EB is
merely apparent, rather than reflecting actual motion, and consequently represents
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treadmilling (Fig. 2a). The conspicuous microtubule comets seen in the presence of
soluble EB result from multiple individual EB molecules quickly binding and
unbinding to the moving microtubule tip.

Transient microtubule interactions can lead to lasting attachments when multiple
molecules are involved, even if the binding of individual molecules is stochastic
and uncoordinated (Zaytsev et al. 2013). Thus, although binding by a single EB
molecule is too transient to lead to processive tracking, multiple EB molecules
connected to a surface or scaffold could in principle provide a loose “glue” on the
microtubule tip capable of sustaining the motion of small objects. For example,
in vitro, short actin filaments can move with growing microtubule ends in the
presence of EB and a linking protein that binds both EB and actin (Preciado López
et al. 2014). In mitotic cells, EB proteins do not constitutively associate with the
kinetochore, but they are seen at the ends of growing kinetochore-bound micro-
tubules (Tirnauer et al. 2002; Armond et al. 2015). It is conceivable that in this
capacity, multiple EB molecules binding to a more permanent kinetochore protein,
e.g., Ska1 (Thomas et al. 2016), could contribute to kinetochore tracking at poly-
merizing microtubule ends.

A similar affinity-based mechanism may facilitate tracking with polymerizing
microtubule tips by the bona fide kinetochore microtubule-associated proteins
(MAPs). For example, the Dam1 heterodecameric protein complex, which is

biased diffusion tethered motor(b) (c)(a) affinity-based

Fig. 2 Mechanisms of single-molecule tracking of polymerizing microtubule tip. In each panel,
elongating microtubule end is depicted with three consecutive configurations. Straight arrows
indicate molecular binding/unbinding events; curved arrows correspond to diffusional hopping.
a MAP molecules are shown in different colors, so that they can be traced easily on the
microtubule lattice. In the affinity mechanism, individual MAPs do not move relative to the lattice,
but binding of multiple molecules leads to continuous decoration of the growing microtubule end.
b In contrast to tracking that is based on affinity alone, in this mechanism the individual molecules
change their position on the microtubule lattice due to diffusion. The outcome of this diffusion is
biased by affinity: MAP molecules that happen to diffuse in the direction of microtubule elongation
will retain their binding to the microtubule for a longer time due to their preference for the
biochemical or structural features of tubulins at the tip. c A motor domain (red circle) walks
processively to the plus end (blue arrow), where it dissociates, while the tail (yellow circle)
behaves as a diffusing MAP with a limited residency time. When these two domains are tethered
together, as in full-length CENP-E, the molecule can track microtubule ends processively and
bidirectionally. For simplicity, only a single chain of this homodimeric motor is shown
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persistently associated with metaphase kinetochores in yeast, prefers to bind
GMPCPP-containing microtubule walls in vitro (Westermann et al. 2005). Not
surprisingly, small Dam1 oligomers can move with the growing microtubule ends
(Lampert et al. 2010), although it remains unclear whether these motions are pro-
cessive and how they depend on the number of Dam1 subunits. Microbeads coated
with Dam1 heterodecamers travel continuously with growing microtubule ends
(Asbury et al. 2006), indicating that multiple scaffold-bound Dam1 complexes can
readily sustain processive tip-tracking. Likewise, the major microtubule-binding
kinetochore component, Ndc80 complex (reviewed in Cheeseman and Desai 2008),
can support polymerization-driven motion of microbeads (Powers et al. 2009), but
tracking of growing microtubule tips by single Ndc80 molecules is very poor
(Lampert et al. 2010). Although Ndc80 has not been reported to have preference for
the GTP-containing microtubule lattice, its ability to support the
polymerization-driven motion of the microbeads suggests that it recognizes some
feature of the growing microtubule tip. Even a small difference in binding affinity
will be amplified when multiple bead-bound molecules interact with the micro-
tubule tip, explaining the processive tracking.

In addition, the TOG domain protein XMAP215 has also been reported to move
with the growing microtubule tips at a single-molecule level (Brouhard et al. 2008;
Widlund et al. 2011) and can sustain the motion of beads (Trushko et al. 2013).
Tip-tracking by single XMAP215 molecules is not highly processive, and is
thought to involve XMAP215 catalytic activity specifically at the microtubule tip
(Kerssemakers et al. 2006; Ayaz et al. 2014). Interestingly, the yeast homolog of
XMAP215, Stu2, does not autonomously follow growing microtubule tips in
mitotic cells; instead, it is delivered to this location by kinesin-dependent transport
(Gandhi et al. 2011). Stu2 localization at the kinetochore is very transient, with a
half-life less than 50 s (Aravamudhan et al. 2014). Despite this dynamicity, kine-
tochore particles purified from Stu2-depleted yeast cells have been reported to
interact with MT ends in vitro differently than the wild type particles (Miller et al.
2016), so a minor population of Stu2 must be binding strongly to the kinetochores.
This stably bound Stu2 has been proposed to mediate complex tension-sensitive
and microtubule dynamics-sensitive responding of yeast kinetochore (Miller et al.
2016).

Thus, many candidate molecules could potentially contribute to affinity-based
recognition of growing microtubule ends at the kinetochore. It remains unclear,
however, whether the main role of these MAPs is to provide end-tracking motion
that pushes the kinetochore away from the pole (so-called AP motion). In vertebrate
cells, a kinetochore moving with polymerizing microtubule ends is thought to be
dragged by the pulling force acting through its poleward-moving sister (Skibbens
et al. 1993; Waters et al. 1996). In this view, the role of kinetochore MAPs with
high affinity for the polymerizing microtubule tip would be to provide molecular
“friction” that prevents the AP kinetochore from slipping from the growing end
(Maddox et al. 2003; Dumont et al. 2012), rather than to actively transport this
kinetochore via tip-tracking mechanisms.
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2.1.2 Depolymerizing Microtubule Ends

On the other hand, affinity-based tracking of depolymerizing microtubule ends is
much less well understood. Two MAPs that might move via this motility mecha-
nism are the human kinetochore proteins Ska1 and CENP-F, which can track
depolymerizing microtubule ends in vitro (Schmidt et al. 2012; Volkov et al. 2015).
CENP-F exhibits a weak preference for protofilament curls, which decorate the
ends of shortening microtubules, whereas human Ska1 has similar affinities to
tubulins in microtubule walls and curls. It remains to be seen whether tip-tracking
by these proteins is truly affinity-driven, or instead occurs by a biased-diffusion
mechanism, as described in the following sections. Individual protofilament curls
are highly transient structures, with a lifetime of less than 0.1 s (assuming
protofilament length of five dimers and a microtubule depolymerization rate of
25 µm/min). Thus, only proteins with a strong preference for GDP-tubulin curls
should be capable of apparent tracking of shortening ends in vitro. The lifetime of
the protofilament curls is much shorter than that of the GTP-tubulins in the growing
tip. Thus, it is challenging to study depolymerization-driven motions at a
single-molecule level, and consequently this type of non-processive tracking
remains to be examined.

2.2 Biased-Diffusion Tracking of Polymerizing Microtubule
Ends

Single molecules of most examined MAPs can diffuse on the microtubule wall
(reviewed in Cooper and Wordeman 2009; Grishchuk et al. 2012; Reithmann et al.
2015). Diffusion along a polymer is not unique to microtubules, and has also been
observed for actin-binding and DNA-binding proteins. The underlying biophysical
mechanisms of microtubule-dependent diffusion have not been elucidated, but this
phenomenon is likely to rely on the presence of multiple microtubule-binding sites
within the diffusing protein molecule. Importantly, thermal motions are not direc-
tional and cannot by themselves lead to tip-tracking. However, they can be biased
in the direction of microtubule dynamics via various mechanisms. At the growing
microtubule tip, such bias is provided by an increased affinity for this structure. All
kinetochore MAPs described in the previous section diffuse on the microtubule wall
to some extent, so their tip-tracking may involve these diffusive motions. As
pointed out above, a nondiffusing protein can lead only to apparent tip-tracking,
whereas true processivity requires the molecule to move along the microtubule.
Diffusing molecules can exhibit more persistent tracking because they can “hop”
from one binding site to the next at the microtubule tip without fully dissociating
from it (Fig. 2b). Such tracking cannot be highly processive because eventually a
diffusing molecule will hop by chance in the wrong direction, away from the
high-affinity sites at the tip, quickly losing its microtubule attachment.
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No general theory has yet been developed to predict how the rate of MAP
diffusion and its affinity for different features at the microtubule tip vs. wall will
affect the processivity of tracking by single and multiple molecules. Vertebrate
kinetochore represents a spatially distributed ensemble of various MAPs capable of
microtubule binding and diffusion, probably 20 or more such molecules per
microtubule end (Lawrimore et al. 2011; Suzuki et al. 2015). The weakly proces-
sive motion of a single molecule should be greatly enhanced when many such
molecules are bunched together, enabling persistent association of the kinetochore
with the growing microtubule ends. However, the rate of collective diffusion is
expected to be much slower than mobility of a single molecule (Volkov et al. 2013).
Given the large number of kinetochore MAPs, such as Ndc80, CENP-F, Ska1,
Knl1, TOG domain proteins, microtubule-binding domains of CENP-E kinesin and
dynein, and other factors (Cheeseman and Desai 2008; Nagpal and Fukagawa
2016), it is surprising that microtubule ends can polymerize while bound to the
kinetochores of isolated mammalian chromosomes (Mitchison and Kirschner 1985;
Hunt and McIntosh 1998). A rigorous understanding of this phenomenon will
require thorough quantification of the diffusion rates and microtubule residency
times of all kinetochore MAPs, as well as application of advanced mathematical
models capable of incorporating these kinetic features and the mechanical prop-
erties of the MAPs and their kinetochore receptors.

2.3 Biased-Diffusion Tracking of Depolymerizing
Microtubule Ends

2.3.1 Single Molecules

Tracking with the depolymerizing microtubule end can also take place by biased
diffusion, driven by thermal energy in association with the unidirectionality of
tubulin disassembly. In this case, the bias arises as a direct consequence of
microtubule shortening. For successful operation of this mechanism, it is imperative
that when a MAP molecule diffusing along a microtubule encounters the end, its
probability of detachment is low. Mathematical models that assume this property—
e.g., the “burnt bridge” model, in which the molecule’s detachment from the end is
simply prohibited (Mai et al. 2001)—can recapitulate end-tracking. Because this
postulate does not rely directly on a specific mechanochemical pathway of
microtubule disassembly, this type of tip-tracking is possible for any shortening
polymer, not just microtubules. The mechanisms that could prevent a diffusing
molecule from falling off the microtubule end are not well understood. Such
property, however, has been reported for the microtubule-binding domain in the tail
of CENP-E kinesin (Gudimchuk et al. 2013). When random motions bring the
purified CENP-E Tail to the microtubule end, the Tail falls off only infrequently,
and most of the time bounces off the end and continues to diffuse, as if the
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microtubule end constituted a reflective barrier. This remarkable behavior has also
been noticed for Ndc80 protein (Powers et al. 2009). While it is likely that other
MAPs may also be “reflected” by the microtubule tip, it remains unclear whether
this will turn out to be a general feature of all microtubule diffusers.

Even if a MAP is capable of both wall diffusion and bouncing off the tip, such a
MAP will not necessarily exhibit processive tracking at a single-molecule level.
This is because successful tip-tracking requires an intricate balance between the rate
of MAP diffusion and the rate of tubulin dissociation from the shortening micro-
tubule tip. For example, the CENP-E Tail does not track the depolymerizing tip
because its diffusion is too fast (1 lm2/s) relative to microtubule shortening. After
the Tail molecule bounces off the tip, it moves ahead of it much more rapidly than
tubulin disassembly (Fig. 3). Thus, while the Tail’s random motion is biased by
microtubule depolymerization, this molecule spends most of the time diffusing on
the wall and only a small fraction of time at the microtubule end (Gudimchuk et al.
2013). A molecule diffusing on microtubule wall ten times slower, e.g., Dam1
heterodecamer or Ndc80 protein (*0.1 µm2/s) (Gestaut et al. 2008; Grishchuk
et al. 2008b; Powers et al. 2009; Volkov et al. 2013; Zaytsev et al. 2015), will not
move far on the microtubule wall before the shortening polymer end catches
up. Thereafter, such MAP molecule will exhibit directed motion, staying close to
the shortening tip, because its slow diffusion becomes rate-limiting for microtubule
disassembly (Grishchuk et al. 2012). MAP molecules that diffuse even more slowly
will simply block microtubule depolymerization until either the molecule dissoci-
ates or the terminal tubulin falls off, taking the MAP molecule with it (Fig. 3).
Thus, successful tracking also depends on how long the diffusing molecule can
remain associated with the microtubule. For all MAPs studied to date, the duration
of diffusive motion is brief: Dam1 heterodecamer remains bound to microtubules
for only 2 s (Gestaut et al. 2008), whereas Ndc80 kinetochore protein detaches in
less than 0.5–1 s (Powers et al. 2009; Zaytsev et al. 2015). Because kinetochore–
microtubules disassemble at 1–2 µm/min, a kinetochore would move with one such
molecule for only *40 nm, the length of five tubulin dimers, before disconnecting
from the microtubule. In vitro, microtubules depolymerize much faster, so small
oligomers of Dam1 can move for longer distances. Despite having a similar rate of
diffusion, single Ndc80 molecules are poor trackers of shortening microtubule ends
(Powers et al. 2009; Umbreit et al. 2012; Schmidt et al. 2012).

2.3.2 Multiple Molecules Attached to a Microbead

As discussed in regard to polymerization-dependent tracking, motions at the
shortening microtubule end are also expected to be much more processive when
multiple MAP molecules are involved. Coupling by multiple molecules is usually
tested in vitro using microbeads randomly coated with a MAP. This approach has
revealed that numerous MAPs, not just those localized to kinetochores, can support
transport of beads with microtubule disassembly to varying extents (reviewed in
McIntosh et al. 2010). One of the best proteins for bead coupling is Dam1, which
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depending on soluble Dam1 concentration forms small oligomeric patches,
microtubule-encircling rings, or stabilizing spirals (Westermann et al. 2005). When
soluble Dam1 is present, the Dam1-coated beads “slide” along microtubules, just as
expected if the beads were transported by the bead-bound Dam1 ring encircling the
microtubule (Grishchuk et al. 2008b). However, when soluble Dam1 is not included
in the assay buffer, Dam1-coated beads can still follow the shortening microtubule
ends, but under these conditions they roll on the microtubule surface. Because this
complex motion is likely to reflect the biased rotational diffusion of the beads
(Peskin and Oster 1995), it represents a poor model for coupling at mitotic chro-
mosomes. Furthermore, small non-protein particles with polyvalent positive bonds
can also diffuse on the microtubule surface (Minoura et al. 2010) and follow
shortening microtubule tips (unpublished observation). Apparently, the negative
charges associated with tubulin globular domains and tails, which collectively form
a relatively large interaction surface on the multiprotofilament microtubule, can
support multivalent interactions with the positively charged molecular clusters.
Processive motion of these clusters during microtubule depolymerization could
arise through translational or rotational diffusive motions, or represent their com-
bination. Such transport may not be physiological, so caution should be exercised
when interpreting depolymerization coupled motility of protein clusters/aggregates,
especially under experimental conditions that slow the rate of microtubule
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Fig. 3 Quantitative features of the single-molecule tracking of depolymerizing microtubule end.
Drawings represent kymograph-like plots for three microtubules (in grey, horizontal arrow points
to the plus-end direction). With time, each microtubule shortens, so the position of the
disassembling plus end corresponds to the rightmost side of the grey triangle. The slopes of these
lines correspond to depolymerization velocities. Each panel also shows changes in position versus
time for three diffusing molecules (black lines). All molecules have roughly similar residency
times, but the rates of diffusion are different in each panel. Rapidly diffusing molecules (diffusion
coefficient *1 µm2/s, leftmost kymograph) spend too little time at the microtubule tip, so they do
not really track it. A moderate rate of diffusion (*0.1 µm2/s) is optimal for tip-tracking in vitro,
because such molecules can move significant distances, staying in close vicinity with the tip. With
slower diffusion, however, microtubule depolymerization becomes severely inhibited because the
molecular hops are too infrequent. Drawings are based on calculations in Grishchuk et al. (2012)
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disassembly or use buffers with lower than physiological ionic strength. In this
regard, a recently developed procedure for clustering kinetochore proteins in a
highly controlled manner with the help of origami scaffolds is very promising
(Verma et al. 2015). Such precise and quantitative approaches should help over-
come the significant technical limitations of randomly coated microbeads,
advancing experimental studies of microtubule end-tracking by molecular ensem-
bles with defined compositions.

2.4 Tethered Motor Mechanism of Bidirectional
Tip-Tracking

This unusual, ATP-dependent mode of tracking has been proposed for kinetochore
kinesin CENP-E, which has two microtubule-binding domains: one with motor
activity at the N-terminus of the molecule, and one with weak microtubule-binding
affinity at the C-terminal tail (Liao et al. 1994; Wood et al. 1997; Kim et al. 2008;
Espeut et al. 2008). In vitro studies have shown that this dimeric motor can walk
along microtubule walls much faster than the rate at which microtubules polymerize
(Yardimci et al. 2008), allowing it to catch up with the growing tip. Afterward,
CENP-E does not dissociate, but instead continues to move processively at the rate
of microtubule elongation (Gudimchuk et al. 2013). When the microtubule switches
into depolymerization, CENP-E also reverses direction and tracks with the short-
ening end. Although these motions are not highly processive, lasting only for tens
of seconds, they can be sustained by a single molecule. This is remarkable because
it demonstrates that an individual kinetochore component can possess intrinsic
abilities analogous to the physiological behavior of an intact kinetochore: motion
along the microtubule wall, transition into tip-binding mode, and bidirectional
tip-tracking.

This bidirectional tip-tracking does not rely on the increased CENP-E affinity for
microtubule tips, but is instead an emergent behavior of the distinct activities of its
two microtubule-binding domains (Fig. 2c). None of these domains exhibit a
preference for polymerizing or depolymerizing tips, and neither can track these
dynamic ends on their own. When the CENP-E molecule reaches a microtubule
plus end, the CENP-E motor domains fall off the tip. Because they are tethered to
the microtubule wall by the tail domains of this molecule, the motor domains rebind
quickly. The tethering via CENP-E tails is very short (0.5 s), but it is sufficient for
rebinding that is estimated to occur within a millisecond. Thus, CENP-E molecule
tracks microtubule tips, both assembling and disassembling, by repeating the cycles
of plus-end-directed walking, motor domains dissociation, and rebinding. As a
tip-tracking protein, CENP-E kinesin can potentially provide bidirectional mobile
links between the kinetochore and microtubules (Gudimchuk et al. 2013; Shrestha
and Draviam 2013; Vitre et al. 2014), thereby enhancing the ability of chromo-
somes to follow microtubule ends (Lombillo et al. 1995).

Biophysics of Microtubule End Coupling at the Kinetochore 409



Other plus-end-directed kinesins, e.g., Kif18A and Kip3, can associate proces-
sively with the growing microtubule tips in vitro, assisted by the
microtubule-binding activity of the C-terminal tails (Mayr et al. 2011; Su et al.
2011; Weaver et al. 2011). However, these kinesins fail to track with microtubule
disassembly. This is likely to be due to the slow diffusion of their tail domains. The
tail of Kif18A, which diffuses 100-times slower than the tail of CENP-E, is
expected to dissociate rapidly from shortening microtubule end, because the end
catches up repeatedly with a molecule diffusing slowly in front of the wave of
tubulin depolymerization. Each of these encounters may cause stochastic loss of the
terminal tubulin dimer together with the bound molecule, so a slowly diffusing tail
is not an effective tether for the motor domains on the shortening microtubule. It
remains to be seen if the tethered motor mechanism is involved in tracking by these
and other kinesin motors of the polymerizing microtubule ends.

3 Load-Bearing Coupling to Dynamic Microtubule Ends

In cells, kinetochore–microtubule connections persist despite the stochasticity of
tubulin dynamics even in the presence of variable forces, both assisting and
opposing. Load-bearing (processive motion under the force that acts oppositely to
the vector of motion, Fig. 1b) is not a single-molecule phenomenon, and instead
requires operation of multi-molecular ensembles, called kinetochore couplers.
Load-bearing by couplers moving with a polymerizing microtubule is inherently
limited because the microtubule buckles when its growing tip experiences a
resisting force (Dogterom and Yurke 1997). Nonetheless, couplers based on mul-
tiple independent EB binders are strong enough to bear forces that can sustain
microtubule bending for *100 times longer than the binding time of a single EB
molecule (Chen et al. 2014; Doodhi et al. 2014). The assisting force, which acts in
the same direction as the vector of microtubule dynamics (Fig. 1b), can be applied
at the growing microtubule end coupled to a microbead coated with purified pro-
teins or yeast kinetochore particles (Akiyoshi et al. 2010). The latter can maintain
persistent attachment to the assembling tips for tens of minutes under an assisting
force of 2–6 pN. Such coupling is thought to rely on the affinity-biased and
force-biased diffusion of the bead-bound molecular components, but the underlying
theory has not yet been developed. Also, possible contributions from more complex
phenomena, such as force-induced modification of the MAPs’ hopping rates or
attachment times, as well as the bead’s rotational diffusion, have not yet been
examined.

By contrast, load-bearing by couplers moving at depolymerizing microtubule
ends has been investigated both theoretically and experimentally, and these results
are covered in more detail in the following sections. Although the ultimate role of
such couplers is to capitalize on the unidirectionality of microtubule disassembly,
the energy for transporting a load can come from two sources: thermal motions
(biased-diffusion mechanism) or changes in tubulin conformation (power stroke
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mechanism). The exact composition and structure of the kinetochore couplers is not
yet known, but theoretical analyses have deepened our understanding of the
physically possible coupling mechanisms (reviewed in Grishchuk et al. 2012).
Sections below summarize these findings to emphasize that the requirements for
processive tracking with no load can be readily met by couplers with different
designs, moving via either the biased diffusion or power stroke mechanism.
However, large load-bearing can be achieved only by couplers that can capture
energy from tubulin power strokes. Moreover, the biomechanical properties of such
couplers must be finely tuned to enable them to move at the force-generating
microtubule end without detaching. Advanced experimental approaches are needed
to test these models and reconstitute the couplers acting at kinetochores in different
cell types.

3.1 Load-Bearing by Couplers Moving
via the Biased-Diffusion Mechanism

3.1.1 Single Molecules

Biased-diffusion tracking of depolymerizing microtubule tip is fundamentally
similar to the work of other “thermal ratchets” (Peskin et al. 1993; Reimann 2002;
Mogilner and Oster 2003). Force for MAP motion is generated by thermal fluc-
tuation, and the role of microtubule disassembly is to rectify the resulting motion. In
this mechanism, the ultimate role of GTP hydrolysis is to control the rate and
location of depolymerization, but it does not directly provide the energy for this
motion. A single MAP molecule tracking a dynamic microtubule tip by the
biased-diffusion mechanism is a poor vehicle for cargo transport. This is because a
molecule can be mobile only if its binding energy is low enough for thermal
fluctuation to cause the molecule to hop from one binding site to another. Thus,
forces that exceed thermal (0.5–1 pN, assuming 4–8 nm step size), should easily
detach such a molecule from the microtubule. To prevent this undesirable outcome,
it is usually assumed that the energy required to detach a molecule completely from
the microtubule is greater than the energy needed for the molecule to hop. Indeed,
some MAPs diffuse on microtubules for much longer than would be expected based
on the frequency of hops (Powers et al. 2009), indicating that the assumption of two
different energies is reasonable. In this case, however, another problem arises,
because instead of detaching, the load will pull the mobile molecule along the
microtubule until it reaches the end. As discussed above for diffusing tip-tracking
molecules, in order to avoid the loss of the MAP molecule bound to the terminal
tubulin subunit, the rate of microtubule depolymerization must decrease and
become limited by the rate of the MAP’s diffusion (Fig. 3). Thus, load-bearing by a
diffusing MAP is limited by the requirement for a fluctuation in thermal energy that
can overcome the opposing force and advance the molecule (and its load) away
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from the tip. Because thermal energy on average generates a small force, even a
relatively small load of <1 pN can block tip-tracking of a single MAP, so the
biased-diffusion mechanism of tip-tracking has an inherent limit on the load it can
carry at physiological velocities (Grishchuk et al. 2012). This conclusion is con-
sistent with the general tendency of thermal ratchets to perform poorly relative to
power stroke–dependent motors (Wagoner and Dill 2016).

3.1.2 Multiple Independent Binders

Load capacity should obviously improve if multiple MAP molecules are involved.
The simplest such coupler could consist of multiple “independent binders” (Fig. 4a)
(Zaytsev et al. 2013), similar to the EB-dependent coupler for polymerizing
microtubule tips, considered earlier in this review. In this model, each MAP hops
randomly along the microtubule wall in steps of 4 or 8 nm (step size is dictated by
the spacing of the binding sites on the microtubule wall), biased by the moving
reflective boundary (i.e., the shortening end). It is challenging to predict the load
that can be borne by this multimolecular ensemble without a detailed mathematical

(a) (b)

(c) (d)
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model that considers tubulin subunit dynamics and the quantitative characteristics
of the MAP’s diffusion, its residency time at the microtubule wall and tip, and other
details. One estimate for 13 independent MAPs that diffuse similarly to Ndc80 but
without detaching from the microtubule wall, suggests that tracking would stall at
6–7 pN (Grishchuk et al. 2012). However, the time of Ndc80 diffusion on the
microtubule wall is brief (<1 s) (Powers et al. 2009; Zaytsev et al. 2015). Although
with no load these transient individual interactions can sustain lasting attachment of
the coupler to the microtubule (Zaytsev et al. 2013), when load is applied the
“independent binders” coupler is likely to detach before the stalling force is
reached, so its ability to bear a load is probably even smaller. In vitro, Ndc80
molecules conjugated randomly to beads can sustain only 1–2 pN at the ends of
depolymerizing microtubules (Powers et al. 2009), consistent with the idea that
under these conditions Ndc80 molecules operate independently, coupling the bead
to dynamic microtubule via biased diffusion.

JFig. 4 Designs of the most popular models for multimolecular couplers for the depolymerizing
microtubule end. a In the “independent binders” coupler moving by biased-diffusion mechanism,
each MAP binds and diffuses on the microtubule stochastically and independently, analogous to
the behavior of molecules in Fig. 2b. The reflection of diffusing molecules at the tip is thought to
occur due to some specific feature of bending protofilaments. For example, Ndc80 molecules have
weaker affinity for bent tubulin protofilaments than to the tubulins in the cylindrical wall (Alushin
et al. 2010; Schmidt et al. 2012). The major concern with this coupling design is that a large
pulling load will collect all MAPs at the affinity boundary, where they will either detach or block
tubulin disassembly. A corresponding theoretical analysis of these effects, as well as their possible
remedies, has not yet been performed. b Schematics corresponding to the cross section of a
cylindrical sleeve, which completely encircles the microtubule wall, but also illustrates the
oligomeric arrays, i.e., groups of three to five MAP subunits with strong lateral bonds that are all
bound to the same protofilament. The “teeth” in each MAP symbolize the 0.6-nm step size for
coordinated diffusion, the characteristic feature of Hill’s design. Also, in this design, the biased
motion of the coupler under load arises only in the presence of the “overhangs,” i.e., the parts of
the cylinder or the arrays that are not bound to the microtubule. Consequently, Hill’s design does
not function when tubulin ram’s horns are present, and this coupler cannot follow polymerizing
microtubule ends. c The design of the “independent binders” coupler moving via the power stroke
mechanism is highly similar to that shown in panel A. It differs only in that the affinity of the
MAPs for the microtubule wall is stronger, so they have no or little diffusion. This distinction is
similar to that between the affinity-based and biased-diffusion-based mechanisms of tracking of
growing microtubule tips (Fig. 2). Thus, in the coupler in panel A, the individual MAPs can move
processively by thermal hopping, whereas in the power stroke dependent coupler shown here the
individual MAPs are not processive. Instead, they bind to straight tubulin in the microtubule wall,
mediate pulling on the fibril when the attached tubulin is curling (in blue), and dissociate after the
tubulin becomes completely bent. d Ring couplers can move via different mechanisms. This
drawing shows the predicted position of the ring, moving as described in the forced-walk model
(Efremov et al. 2007). In this model, the ring binds strongly to the microtubule wall and does not
diffuse. The ring moves (curved arrows) only when the tubulins at the base of the curls (in blue)
push on the flexible linkers (dark bars). The linkers connect ring subunits with the microtubule
wall, both in the models and in the real Dam1 ring (Wang et al. 2007)
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3.1.3 Sleeve and Oligomeric Arrays

Another possibility is that at the kinetochore the Ndc80 molecules do not operate as
independent binders, but instead move as in Hill’s model for a cylindrically shaped
“sleeve” coupler (Hill 1985; Powers et al. 2009). Hill and Kirschner pioneered the
theoretical investigation of end-on coupling mechanisms (Hill and Kirschner 1982),
and Hill was the first to introduce the biased-diffusion mechanism to explain kine-
tochore load-bearing (Hill 1985; reviewed and analyzed in Mogilner and Oster 1996;
Joglekar and Hunt 2002; Shtylla and Keener 2011; Grishchuk et al. 2012). There is a
common misconception in the mitosis field that all biased-diffusion couplers move in
the same fashion as the Hill’s sleeve (Fig. 4b), but this is not so. Rather, there are
multiple designs, and accordingly multiple underlying molecular and physical
mechanisms that could explain how the biased diffusion of multiple MAPs couples
the kinetochore to the disassembling microtubule tip. Indeed, in the coupler with
independent binders, considered in previous paragraph (Fig. 4a), the individual
MAPs bind and unbind the microtubule wall stochastically and diffuse in an
uncoordinated manner. By contrast, in the sleeve coupler the individual MAPs do
not operate independently, but hop synchronously in the same direction. As a result,
the sleeve’s tracking is biased by its motion toward the thermodynamic energy
minimum, which is characterized by the maximal number of microtubule-bound
MAPs. On the other hand, for the independent binders coupler the entropic com-
ponent plays a significant role, and at steady-state the number of microtubule-bound
MAPs is less than maximal, as dictated by their molecular kinetic constants (Zaytsev
et al. 2013). Thus, although both types of couplers exhibit biased diffusion and
rectify thermal motions, their underlying mechanisms are very different.

The sleeve design, as proposed many years ago by Hill, deviates in many ways
from our current knowledge regarding the molecular and structural biology of the
kinetochore (discussed in Efremov et al. 2007), and most researchers agree that
such a coupling design is unlikely. It is certainly not a good model for Ndc80,
which binds the microtubule wall with 4 nm spacing (Alushin et al. 2010; Zaytsev
et al. 2015). In the sleeve model of Ndc80 coupling, the molecular clusters are
assumed to diffuse with 0.6 nm step (Powers et al. 2009), while using the physi-
ologically accurate step size (4 nm) should significantly decrease the predicted
load-bearing by such a coupler. Another proposed structural arrangement for Ndc80
involves the oligomeric arrays of three to five Ndc80 molecules (Alushin et al.
2010). Such oriented “high-affinity” cluster is thought to maintain microtubule
attachment while diffusing along a microtubule protofilament (reviewed in Alushin
and Nogales 2011; Tooley and Stukenberg 2011). However, fluorescence analysis
of Ndc80 molecules in vitro revealed that this protein has little tendency to form
such diffusing arrays (Zaytsev et al. 2015), and the degree of cooperativity implied
by electron microscopy studies, which gave rise to this model, appears to be
unrealistically high (Zaytsev et al. 2013). Moreover, Ndc80 is not a very fast
diffuser, and if three to five Ndc80 molecules were clustered together, such an array
would diffuse so slow that it would not be capable of keeping up with the rate of
microtubule dynamics at the kinetochore (Zaytsev et al. 2015). Thus, although
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Ndc80 remains the main candidate responsible for load-bearing end-on kinetochore
attachment in vertebrate cells, the exact design of the Ndc80-containing coupler and
whether it moves by the biased-diffusion mechanism is controversial.

3.2 Microtubule Depolymerization as a Powerful Motor

It remains unknown how strong the end-on coupler needs to be in order to safely
segregate mitotic chromosomes in different cell types, largely because, as pointed
out above, the magnitude of forces acting at the kinetochore is not known with
certainty. If the load were relatively small, not exceeding 10–15 pN, a
well-designed multi-molecular coupler moving via the biased-diffusion mechanism
would probably be sufficient to safely transport mitotic chromosomes. However, a
different alternative is needed in organisms in which moving chromosomes may
encounter large opposing forces or if large pulling forces are needed to assist proper
bi-orientation of sister chromatids. Perhaps cells rely on microtubules to transport
chromosomes because microtubules are unusual polymers in that they permit not
only the biased-diffusion mechanism for processive motility but also a mechanism
that can generate force that exceeds the force from thermal fluctuations (reviewed in
Inoué and Salmon 1995). Depolymerizing microtubules generate force, and can
work as depolymerization motor, thanks to the specific pathway by which tubulin
adds to and leaves the microtubule end (reviewed in Desai and Mitchison 1997;
Nogales 2001). Each microtubule is like a loaded spring because, during poly-
merization, only GTP-bound tubulin assembles at the tip and the GTP becomes
hydrolyzed. Some of the chemical energy liberated from GTP hydrolysis is stored
in conformational strain in the microtubule wall (Caplow et al. 1994; Alushin et al.
2014). During depolymerization of the GDP-containing microtubule wall, linear
strands of tubulin, called protofilaments, curl to form “ram’s horns” (Mandelkow
et al. 1991). This curling protofilaments have been proposed to be capable of
delivering a power stroke (Koshland et al. 1988), thereby moving the chromosomes
(reviewed in McIntosh et al. 2010). If all the energy from hydrolyzed GTP were
channeled into mechanical stroke, the thermodynamically maximal force that
depolymerizing microtubule could generate is *80 pN (Molodtsov et al. 2005).
This force is large enough to explain why chromosome motion is not blocked by
the experimental application of hundreds of pN (Nicklas 1983), and to rationalize
the large force estimate obtained by using fluorescent sensors at the kinetochores in
mammalian cells (Ye et al. 2016). Such a force-producing mechanism could also
explain how shortening microtubules move chromosomes in purified systems
in vitro (Coue et al. 1991). In contrast to the biased-diffusion mechanism, the
tip-tracking coupler does not have to wait for thermal fluctuations to overcome the
force field of an opposing load, making transport of large loads at physiological
velocities possible. However, in the power stroke mechanism, the
kinetochore-associated couplers must not only ensure the processivity of tracking,
but should also be capable of capturing the energy from microtubule
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depolymerization. The final sections of this review describe two different ways in
which this could be achieved: via couplers with non-processive elements, or via a
ring-shaped processive coupler.

3.3 Load-Bearing by a Coupler with Non-processive
Binding Elements

Force from bending protofilaments has been shown to act on a micron-size
streptavidin-coated bead stably attached to a wall of biotinylated microtubule
(Grishchuk et al. 2005). This finding is interesting because biotin–streptavidin
attachment is so strong that on the intact microtubule wall the bead is completely
immobile, and the force from laser tweezers cannot rupture the underlying bonds.
Very strong bonds do not necessarily ensure processivity, and streptavidin bead
fails to move with the shortening microtubule end, even in the absence of load.
However, as the microtubule depolymerizes at the bead attachment site, the bead
exhibits a small jerk in the direction of microtubule shortening, just as expected
from the shape of curving protofilaments. Because this motion can be observed in
the absence of soluble proteins and nucleotides, the pull must have been generated
by conformational changes that took place at the shortening microtubule end as it
passed by the bead. This “single-shot” force is only a fraction of a pN, which is
much smaller than the rupture force for the bead from the microtubule. This is
because these forces are different in nature, and rupture does not represent the force
with which the microtubule pulls on the associated coupler. “Single-shot” force
exerted by bending protofilaments on the laterally attached micron-size bead is so
small, that such a bead would be a terrible coupler from the standpoint of chro-
mosome motion.

Interestingly, both experiments and calculations indicate that if the bead were
much smaller, similar in size to a protein molecule, the force it could transduce
would have been much greater (Grishchuk et al. 2008a). Moreover, many such
“mini-beads” bunched together in a multiprotein coupler could potentially trans-
duce even larger force, since they would have experienced the jerks from all
bending protofilaments, not just the one or two protofilaments that interact with the
laterally attached microbead. Moreover, with a different design, strong static bonds
may become advantageous. This idea was tested with a mathematical model in
which multiple MAPs were placed at the ends of elongated fibrils (Fig. 4c)
(McIntosh et al. 2008). This design is analogous to the “independent binders”
coupler, which was discussed earlier in this chapter as a candidate for
biased-diffusion-based coupling. It could be converted into a coupler for the power
stroke mechanism by assuming that MAP binding to tubulins in the cylindrical
microtubule wall is fairly strong, so under a load they stay attached to the
protofilaments long enough to experience the initial stages of their bending.
However, to recycle these MAPs, allowing them to rebind microtubule wall and
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undergo new single-shot pulls, the MAPs must detach fairly quickly from the fully
bent tubulins in the ram’s horns. This aspect of the power stroke mechanism is
frequently misunderstood, because it seems intuitive that bending protofilament
generates the power stroke all along its length. However, the main stroke is exerted
by the tubulins that undergo conformational changes, i.e., first two or three tubulins
at the base of the curl (Molodtsov et al. 2005). The rest of the curl contains tubulin
in the fully bent state, so it represents the “exhaust” of the depolymerization motor.
For this reason, the non-processive coupler must first attach to tubulin in the wall of
the microtubule, and this mechanism will not work if the MAP’s only attachment is
to the fully bent (i.e., low-energy) form of tubulin. Modeling shows that, indeed,
under the power strokes from curling tubulins (shown in blue in Fig. 4), each
wall-bound MAP in the coupler can pull transiently on the fibril, whose other end is
attached to a cargo. Even though individual MAPs do not diffuse on the micro-
tubule surface, their collective jerks can move the cargo processively against a
significant load. In silico, such a coupler becomes stalled at only *70 pN, so this
transporting mechanism with depolymerizing microtubule end is both feasible and
potentially very powerful (McIntosh et al. 2008). This coupler could be adapted to
move with the polymerizing microtubule tip by the affinity-based mechanism, as in
Fig. 2a, but such model has not yet been developed.

Indirect evidence that force at the kinetochores is generated by protofilament
power strokes is provided by electron tomography of mammalian kinetochores,
which has revealed slender fibrils connected with the curved protofilaments at the
end-on attached microtubules (McIntosh et al. 2008, 2013). The fibril-bound
protofilaments observed in these studies were slightly straighter than in the typical
ram’s horns (Fig. 4c), suggesting that they were pulling against a significant load.
Currently, however, there is no direct evidence that kinetochore couplers work
through high-affinity non-processive binders. The molecular identity of the kine-
tochore fibril remains unknown, but many fibrillar MAPs could be involved (re-
viewed in Cheeseman and Desai 2008; Nagpal and Fukagawa 2016). The main
candidates are Ndc80 and CENP-F proteins, each comprising a
microtubule-binding domain and a highly elongated fibrillar domain. However,
when coupled to the microbeads, they can sustain only a small force of several pN
(Powers et al. 2009; Volkov et al. 2015), presumably because these MAPs have
moderate microtubule-binding affinity. Thus, other kinetochore MAPs would need
to be involved in order to realize successfully this coupling mechanism.

Obviously, other coupling designs could be developed based on the ensemble of
nondiffusing MAPs, and the movement of such couplers should not necessarily rely
on the energy from protofilament power strokes. In one study (Civelekoglu-Scholey
et al. 2013), the coupling is hypothesized to involve a viscoelastic protein that does
not diffuse and has long residency time and complex force-dependent detachment
kinetics. In the “flexible” coupler model (Keener and Shtylla 2014), the MAPs are
arranged as in Hill’s sleeve, but the sleeve is not rigid, and the nondiffusive MAPs
bind to the microtubule wall independently. In the future, this field will undoubt-
edly see more theoretical studies that analyze the performance of various coupling
designs in the context of biophysical properties of specific kinetochore MAPs.
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3.4 Ring-Shaped Couplers

3.4.1 Theoretical Motility Mechanisms

Mitchison and colleagues were the first to suggest that a microtubule-encircling ring
coupler would be advantageous because it could move processively along the
microtubule wall without detaching (Koshland et al. 1988; Mitchison 1988). Ring
coupling is particularly interesting because in theory it permits motion by both the
thermally driven biased-diffusion mechanism and the diffusion-free mechanism, in
which the motion is due to protofilament power strokes (Mitchison 1988; Efremov
et al. 2007). This is because the mechanism of motion is not defined by the cou-
pler’s geometry so much as by microtubule-binding affinity, as discussed for the
“independent binders” designs. If the ring subunits bind the microtubule wall
weakly enough to permit the ring’s diffusion, its “random walk” (Pearson 1905;
Howard 2002) will be biased by the flared protofilaments at the end of the short-
ening microtubule, assuming that these structures are persistent. As expected for all
biased-diffusion couplers, calculations have shown that the opposing load pulls the
low-affinity ring to the microtubule tip (Efremov et al. 2007), where the ring will
either resist further depolymerization or detach quickly if the protofilament curls are
lost, e.g., through stochastic fluctuations or straightening under a load.

To force the loaded ring to move away from the terminal tip subunits and permit
microtubule disassembly, tubulin power strokes are necessary; accordingly, this
mode of tip-tracking has been termed the “forced walk” (Efremov et al. 2007). The
primary distinction between the biased-walk and forced-walk mechanisms is related
not to the presence or absence of the “conformational wave” of tubulin bending
(Koshland et al. 1988), but rather to the role it plays in the ring’s motion (Mitchison
1988). In the biased-diffusion mechanism, the “conformational wave” forms a
reflective barrier, whereas in the forced walk this conformational change represents
a force-producing element. As the name “forced walk” implies, in this mechanism
the MAP elements of the ring coupler move processively under the influence of the
depolymerization force. This contrasts with the operation of the independent bin-
ders coupler in Fig. 4c, which is also moved by power strokes. In that design,
however, the motions of the individual MAPs are not processive, so this variation
of the “independent binders” coupler does not operate via the forced-walk mech-
anism. Hopefully, this consideration demonstrates the diversity and multitude of
possible coupling designs, as well as the need to rigorously analyze them via
quantitative modeling. The important lesson from theoretical studies thus far is that
the competing constraints on the molecular parameters of each design arise from the
nontrivial requirement of processivity of tracking under a large load at the
force-generating end of the polymer.

Theoretical analyses of ring coupling have allowed evaluating the relative
benefits of various mechanisms of operation (Efremov et al. 2007). One important
finding relates to the ability of the power stroke mechanism to work in conjunction
with rings that bind to the microtubule wall much more strongly than is permissive
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for ring’s diffusion, so such rings cannot be moved by the biased-diffusion mech-
anism. Stronger ring binding is highly beneficial for chromosome segregation
because ring’s adhesion represents a back-up mechanism to prevent ring’s slipping
from the microtubule end that is not protected by the protofilament flare, which can
be temporarily lost due to a stochastic fluctuation or disassembly pausing (Zakharov
et al. 2015). Such protection would come at the expense of maximum load-bearing
by the ring coupler, because the energy from power strokes will now have to be
spent moving the wall-binding ring, not just the load. Obviously, if the binding is
excessive, the internal friction of this coupler may become so strong that the
depolymerization motor will not be able to move such a ring, and microtubule
disassembly will be blocked until the ring falls off. Thus, the back-up mechanism to
prevent ring’s slipping and load-bearing impose competing constraints on the
strength of ring’s binding to microtubule wall. When it is optimal, the power stroke
mechanism can transport larger load and provide better stability of end-attachment
than the biased-diffusion mechanism. On the other hand, load-bearing by such a
ring is smaller than that by a coupler with non-processive independent binders (as in
Fig. 4c) because the latter do not “walk,” and therefore such a coupler has no
internal friction (McIntosh et al. 2008). Other models for a ring coupler have also
been proposed (Liu and Onuchic 2006; Armond and Turner 2010; Vichare et al.
2013), so theoretical investigations evaluating different ring coupling designs are
ongoing.

3.4.2 The Yeast Dam1 Ring

The ring coupler is also unusual and exciting because it can be studied experi-
mentally using Dam1 protein complex from the yeast kinetochore, which
oligomerizes spontaneously to form microtubule-encircling rings in vitro (Miranda
et al. 2005; Westermann et al. 2005). The electron-dense core of the Dam1 ring is
separated from the outer microtubule wall by a 3–6 nm gap, spanned by flexible
linkages (Miranda et al. 2007; Wang et al. 2007). Such large ring diameter is
optimally suited for the power stroke mechanism because it maximizes force
transduction by the ring (Molodtsov et al. 2005). Although Dam1 heterodecamers,
the individual subunits of the ring, diffuse well on microtubule walls (Westermann
et al. 2006; Gestaut et al. 2008; Grishchuk et al. 2008b), their collective microtubule
affinity is so strong that the 16-subunit ring diffuses extremely slowly (Volkov et al.
2013); for alternative view on ring’s diffusion see (Ramey et al. 2011). If such slow
ring had to move via biased diffusion, the rate of microtubule disassembly would
have decreased below 0.1 µm/min. On a side note, this behavior is significantly
different from that of the sleeve coupler, because the latter was designed to always
track at the same velocity by adjusting the size of the overhangs; ring, however, has
all subunits bound to the microtubule wall. Real Dam1 ring appears to be able to
track the shortening microtubule ends in vitro much faster than would be expected
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for the biased-diffusion mechanism, at 7–10 lm/min (Grishchuk et al. 2008a).
Collectively, this evidence points to the forced-walk mechanism of yeast Dam1 ring
tracking. Such nondiffusive coupler with strong microtubule adhesion would be
particularly useful in budding yeast, in which each kinetochore is attached to only
one microtubule; consequently, loss of this attachment cannot be permitted.

Additional evidence for the forced-walk mechanism of yeast Dam1 ring tracking
came from measurements of the load-bearing by this coupler. The relatively strong
microtubule wall binding by Dam1 ring, as deduced from its negligible diffusion,
implies that it should be able to carry *40 pN load (Efremov et al. 2007). The
initial experiments, however, found that microtubule depolymerization force
transduced by Dam1 did not exceed 5 pN (Asbury et al. 2006; Grishchuk et al.
2008a). This is much larger than the force measured with streptavidin beads, but
much smaller than predicted by the forced-walk model. This discrepancy could be
explained by differences in the geometry of load application between theory and
experiment. The experimental measurements were carried out with Dam1 rings
attached laterally to the microbeads, whereas the theoretical prediction was for
suspended rings (Fig. 4d), such as those that are thought to operate at yeast kine-
tochores (Gonen et al. 2012). Indeed, when Dam1 was linked to beads with the help
of elongated fibrillar tethers, force transduction increased dramatically (Volkov
et al. 2013). This force still has not reached the theoretical maximum, presumably
because experimental rings can rupture, whereas theoretical rings are rupture-free.
Weak ring integrity may limit load-bearing capacity at the kinetochore, or may
simply reflect the inadequacy of in vitro systems that use purified components. One
important outcome from experiments using the suspended Dam1 ring is that its
load-bearing appears to be similar to that of isolated kinetochore particles tracking
depolymerizing microtubule ends (Akiyoshi et al. 2010; Volkov et al. 2013).
Therefore, it is possible that the suspended Dam1 ring moving via the forced-walk
mechanism represents the main force-transducing unit of yeast kinetochore.
Elongated tethers are highly important for ring’s load-bearing because they allow
the load to become aligned along the microtubule axis, thereby minimizing the
lever-arm effect that limits force transduction by the wall-bound beads (Grishchuk
et al. 2005). Long tethers also permit distributing the load evenly among the
microtubule protofilaments. Although ring-dependent coupling may be unique to
the yeast kinetochore, fibrillar elements will undoubtedly be found to play essential
roles in load-bearing by kinetochore couplers in other cell types.
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Molecular Mechanisms of Spindle
Assembly Checkpoint Activation
and Silencing

Kevin D. Corbett

Abstract In eukaryotic cell division, the Spindle Assembly Checkpoint (SAC)
plays a key regulatory role by monitoring the status of chromosome-microtubule
attachments and allowing chromosome segregation only after all chromosomes are
properly attached to spindle microtubules. While the identities of SAC components
have been known, in some cases, for over two decades, the molecular mechanisms
of the SAC have remained mostly mysterious until very recently. In the past few
years, advances in biochemical reconstitution, structural biology, and bioinfor-
matics have fueled an explosion in the molecular understanding of the SAC. This
chapter seeks to synthesize these recent advances and place them in a biological
context, in order to explain the mechanisms of SAC activation and silencing at a
molecular level.

1 Introduction

A critical decision point in the life of a eukaryotic cell is the mitotic
metaphase-to-anaphase transition, when replicated chromosomes are segregated to
opposite spindle poles prior to cell division. Before committing to anaphase, the cell
must ensure that all chromosomes are attached to spindle microtubules, and that
sister chromosomes (or homologs, in meiosis I) are bi-oriented; that is, attached to
microtubules extending from opposite spindle poles. Failure to properly sense and
respond to errors in microtubule attachment can lead to aneuploidy, a hallmark of
cancer and (when it occurs in meiosis) a major cause of miscarriage and devel-
opmental disorders like Down Syndrome.
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The metaphase-to-anaphase transition is controlled by the activity of a ubiquitin
E3 ligase, the Anaphase-Promoting Complex/Cyclosome (APC/C) (Sudakin et al.
1995; King et al. 1995), which ubiquitinates and promotes the degradation of a
number of substrates, most notably B-type cyclins and securin (Murray et al. 1989;
Glotzer et al. 1991; Cohen-Fix et al. 1996; Morgan 1997; Shirayama et al. 1999).
Securin is an inhibitor of a protease, separase, that when activated cleaves the Scc1
subunit of the cohesin complexes holding bi-oriented sister chromosomes together;
this cleavage is the critical step initiating chromosome segregation in anaphase
(Ciosk et al. 1998; Kamenz and Hauf 2016).

Prior to anaphase onset, the activity of the APC/C is inhibited by the spindle
assembly checkpoint (SAC), which monitors the state of chromosome-microtubule
attachment in the cell (reviewed in Musacchio and Salmon 2007; Lara-Gonzalez
et al. 2012; Musacchio 2015; Zhang et al. 2016b; Etemad and Kops 2016).
Microtubule attachment is mediated by kinetochores, complex protein assemblies
with both DNA-binding and microtubule-binding subunits (reviewed in Pesenti
et al. 2016; Nagpal and Fukagawa 2016). When kinetochores are not properly
attached to microtubules, they mediate assembly of a soluble “wait anaphase”
signal in the form of the four-protein Mitotic Checkpoint Complex (MCC), which
directly binds and inhibits the APC/C. In this manner, a single unattached kine-
tochore is in most cases able to delay anaphase onset (Rieder et al. 1995).

Seminal work published in 1991 initiated study of the SAC by isolating the first
mutants defective in this pathway, termed mad (mitotic arrest deficient) (Li and
Murray 1991) and bub (budding uninhibited by benzimidazole) (Hoyt et al. 1991).
Only now, however, are the detailed molecular mechanisms of SAC activation and
silencing coming into sharp focus, thanks to a recent surge in structural and bio-
chemical studies of the APC/C, its interactions with the MCC, and the mechanisms
of MCC assembly and disassembly. This review covers several aspects of SAC
function that have recently seen significant advances, beginning with the structure
and function of the APC/C itself, and the mechanism of its inhibition by the MCC.
I then move to the sites of MCC assembly—kinetochores—and outline the
mechanisms of chromosome-microtubule attachment sensing and MCC assembly at
unattached kinetochores. Finally, I address how the SAC is silenced after
kinetochore-microtubule attachment, paying particular attention to a newly dis-
covered pathway for direct MCC disassembly. Throughout, I attempt to place
recent structural and biochemical work into the larger framework of SAC function
that has been refined, through the work of many, over the 25 years since the
discovery of this pathway.

2 The APC/C: Target of the Spindle Assembly Checkpoint

As the master regulator of anaphase onset, the mechanisms of the APC/C, partic-
ularly how it is regulated through the cell cycle and how it recognizes substrates,
are of considerable interest. Because of its immense size and complexity, these
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questions were unanswerable until recent advances in cryo-electron microscopy
(cryo-EM) began to provide high-resolution pictures of the APC/C in a variety of
functional states (Chang et al. 2014, 2015; Brown et al. 2015, 2016; Zhang et al.
2016c; Yamaguchi et al. 2016; Alfieri et al. 2016). This structural work, coupled
with in vitro and in vivo functional analysis, has significantly improved our
understanding of APC/C substrate recognition, the role of “coactivator” proteins
such as Cdc20 in that recognition, and how the APC/C is inhibited by the MCC. In
particular, the previously enigmatic roles of Cdc20, a key APC/C coactivator that
also acts as an inhibitor when incorporated into the MCC, have been significantly
clarified.

2.1 Overall APC/C Architecture

The APC/C is a 19-subunit complex (20 when counting a bound coactivator; see
below) with a total molecular weight of *1.2 MDa (Fig. 1a) (Sudakin et al. 1995;
King et al. 1995; Chang et al. 2014). It contains two E3 ubiquitin ligase subunits:
Apc2 is related to the Cullin subunits of SCF ubiquitin ligases, while Apc11
contains a RING-type E3 ligase domain. These subunits bind several different E2
activating enzymes to mediate substrate ubiquitination, with different E2s respon-
sible for ubiquitin chain initiation and elongation. The bulk of the APC/C forms two
large structures, the so-called TPR lobe (or “arc lamp”) named for the tetratri-
copeptide (TPR) repeats found in this lobe’s subunits, and the platform. Together,
the TPR lobe and platform define a large central cavity and serve to juxtapose
functional modules responsible for substrate recognition with those responsible for
ubiquitination (Fig. 1a). For a detailed discussion of APC/C architecture, the reader
is referred to recent reviews on the subject (Primorac and Musacchio 2013; Chang
and Barford 2014; Barford 2015).

2.2 APC/C Substrate Recognition Is Mediated
by Coactivator Proteins

In order to recognize its substrates, the APC/C requires one of a family of “coac-
tivator” proteins, which bind the APC/C in a cell cycle-regulated manner and
dictate substrate specificity by binding directly to conserved “degron” motifs in
those substrates. All APC/C coactivators are structurally related, with a central
WD40 b-propeller domain responsible for degron recognition, and conserved
motifs at the N- and C-terminus that mediate docking between the APC/C’s TPR
lobe and platform (Figs. 1a and 2b) (Zhang and Lees 2001; Schwab et al. 2001;
Vodermaier et al. 2003; Thornton et al. 2006; Matyskiela and Morgan 2009; Izawa
and Pines 2012; Chang et al. 2015; Zhang et al. 2016c). While detailed discussion is
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outside the scope of this review, binding of the different coactivator proteins to the
APC/C is regulated through phosphorylation of both the coactivators themselves
(Zachariae et al. 1998; Jaspersen et al. 1999; Lukas et al. 1999; Kramer et al. 2000;
Labit et al. 2012; Chang et al. 2015) and subunits of the APC/C (Lahav-Baratz et al.
1995; Shteinberg et al. 1999; Kramer et al. 2000; Golan et al. 2002; Kraft et al.
2003; Zhang et al. 2016c; Qiao et al. 2016). The end result of this regulation is that
the bound coactivator, and therefore the APC/C’s substrate specificity, depends on
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cell-cycle stage: Cdh1 is bound during interphase, and Cdc20 is bound in mitosis.
Here, I focus entirely on the APC/C-Cdc20 complex, which controls anaphase
onset and constitutes the target of the SAC.

When bound to the APC/C as a coactivator, Cdc20 recognizes several different
degron motifs via distinct surfaces on its central WD40 b-propeller domain
(Figs. 1b, 2b and 3a) (reviewed in Davey and Morgan 2016). Recognition of one
such motif, the destruction box (D-box) (Glotzer et al. 1991), is bipartite: this motif
becomes sandwiched between Cdc20 and an adjacent APC/C subunit, Apc10
(Fig. 1b) (Buschhorn et al. 2011; da Fonseca et al. 2011; Chang et al. 2014).
Recognition of the two other known degron motifs—the KEN box (named for its
sequence: lysine-glutamate-asparagine) (Pfleger and Kirschner 2000) and ABBA
motif (also termed A-motif, Phe-box, or IC20BD) (Burton et al. 2011; He et al.
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2013; Lischetti et al. 2014; Diaz-Martinez et al. 2015; Di Fiore et al. 2015)—is
mediated solely by Cdc20 (Fig. 3a). Together, binding of one or more degrons by
the APC/C-Cdc20 complex positions a substrate for ubiquitination by the catalytic
module (Chang et al. 2014; Brown et al. 2015).

3 The Mitotic Checkpoint Complex Inhibits
APC/C-Cdc20

The key element of SAC signaling is the four-protein MCC, which is generated at
unattached kinetochores and directly binds and inhibits the APC/C-Cdc20 complex.
The conserved “core” MCC comprises Mad2, Cdc20, and BubR1 (Mad3 in fungi),
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with BubR1 forming a constitutive dimer with Bub3 in a subset of organisms
including humans. Cdc20’s role as an APC/C coactivator is outlined above; for
many years, how Cdc20 also functions as an APC/C inhibitor was unknown.
Recent structural work on both the isolated MCC and its complex with the APC/C
have clarified this question, resulting in a simple, yet elegant, model for APC/C
inhibition by the MCC and for the dual roles of Cdc20.

3.1 Mitotic Checkpoint Complex Architecture

Mad2 was the first protein demonstrated to bind and inhibit the APC/C (Li et al.
1997). Mad2 contains a HORMA domain (Aravind and Koonin 1998) that can
adopt two different conformations: an inactive “open” conformation (O-Mad2), and
a “closed” conformation (C-Mad2) that binds short peptide motifs called
Mad2-interacting motifs (MIMs) or, more generally, closure motifs (Fig. 2a) (re-
viewed in Mapelli and Musacchio 2007; Luo and Yu 2008). These two confor-
mations differ in the structure of the C-terminal region of the protein, termed the
“safety belt”: in C-Mad2, this segment wraps entirely around a bound closure motif
to form a topologically linked complex (Luo et al. 2002). In O-Mad2, the safety belt
is docked against the closure motif binding site (Luo et al. 2000), and the protein is
therefore unable to bind a closure motif. The bulk of soluble Mad2 in the cell is in
the O-Mad2 state (Luo et al. 2004); the rate-limiting step of MCC assembly is the
recruitment of O-Mad2 to unattached kinetochores, where it is converted to
C-Mad2 and associates with a closure motif in Cdc20, termed the KILR motif
(Fig. 2b) (Hwang et al. 1998; Kim et al. 1998; Fang et al. 1998; Kallio et al. 1998;
Luo et al. 2002).

BubR1 is the third member of the so-called “core” MCC (Hardwick et al. 2000;
Tang et al. 2001; Sudakin et al. 2001; Fang 2002), and directly interacts with both

JFig. 3 MCC architecture and APC/C inhibition. a Structure of the S. pombe core MCC, containing
the BubR1 (Mad3) N-terminal region (HLH and TPR; cyan), Cdc20 (blue), and Mad2 (green)
(Chao et al. 2012) (PDB ID 4AEZ). Inset Close-up view of the BubR1 KEN1 motif interacting
with Cdc20. b Structure of the human APC/C-Cdc20 bound to the MCC (Alfieri et al. 2016).
Core MCC subunits are colored as in (a), and the APC/C is colored as in Fig. 1a except for
Cdc20APC/C (purple). The C-terminal region of BubR1, as well as Bub3, are conformationally
flexible and were not included in the model. MCC binding rotates Cdc20APC/C away from Apc10
and occupies the D-box binding site. BubR1 also occupies the space where E2 enzymes bind the
catalytic module. c Interactions of BubR1 with Cdc20MCC and Cdc20APC/C. In the core MCC,
BubR1 interacts with Cdc20MCC mainly through its KEN1/TPR motif (Chao et al. 2012). In the
APC-C-MCC structure, electron density in the ABBA-motif binding site of Cdc20MCC (Alfieri
et al. 2016) was originally assigned to ABBA3, but recent data suggest that in fact ABBA2
occupies this site (Di Fiore et al. 2016). Core MCC assembly leaves the BubR1 D1, ABBA1, and
KEN2 motifs available. Upon MCC binding to APC/C-Cdc20, these motifs bind Cdc20APC/C to
mediate APC/C inhibition. While the structure of APC/C-MCC showed density in the Cdc20MCC

D-box binding site (gray in schematic), this density cannot be confidently assigned to a specific
region of BubR1 (Figure adapted from Chao et al. 2012 and Di Fiore et al. 2016)
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Mad2 and Cdc20, significantly stabilizing the overall complex (Figs. 2c and 3a)
(Sczaniecka et al. 2008; Tipton et al. 2011; Chao et al. 2012; Faesen et al. 2017).
BubR1, which arose along with its paralog Bub1 from a gene duplication event
(Suijkerbuijk et al. 2012a; Vleugel et al. 2012; Di Fiore et al. 2016), has a complex
domain structure featuring at least seven degron-like motifs: the N-terminal
TPR-repeat domain contains a KEN box, and this domain is followed by a second
KEN box, two D-boxes, and three ABBA motifs (Fig. 2c). In the core MCC,
BubR1 binds Cdc20 through its N-terminal KEN box (KEN1) and the adjacent
TPR-repeat domain (Sczaniecka et al. 2008; Chao et al. 2012), and also through one
of its ABBA motifs (most likely ABBA2; Di Fiore et al. 2016). The TPR domain
also binds MAD2, completing the cooperative assembly of the highly stable core
MCC (Fig. 3a).

3.2 APC/C-Cdc20 Binding and Inhibition by MCC

The fully assembled MCC contains a copy of BubR1 with a series of degron motifs
—D1, ABBA1, and KEN2—unoccupied (Fig. 3c). The presence of these degrons,
and their importance for APC/C-Cdc20 inhibition by the MCC, led to a proposal
that BubR1 could bind two copies of Cdc20, one as part of the MCC (termed
Cdc20MCC) and a second bound to the APC/C as a coactivator (termed Cdc20APC/C)
(Primorac and Musacchio 2013). An important biochemical and cryo-EM analysis
of APC/C-Cdc20 and APC/C-MCC complexes purified from HeLa cells provided
early evidence that this might be the case, as the stoichiometry of Cdc20 was
doubled in APC/C-MCC versus APC/C-Cdc20 (Herzog et al. 2009). The relatively
low resolution (by today’s standards) of that study’s EM analysis, however, pre-
vented a clear visualization of the two copies of Cdc20 in APC/C-MCC. More
recently, it was shown biochemically that the fully assembled MCC could bind a
second copy of Cdc20 that was already bound to the APC/C, and that this binding
was disrupted by mutating BubR1’s D1 degron motif (Izawa and Pines 2014). More
recent high-resolution structures of the APC/C-MCC complex have clearly shown
the positions of two copies of Cdc20 in this complex, confirming the above findings
(Fig. 3b) (Yamaguchi et al. 2016; Alfieri et al. 2016). These structures, plus detailed
biochemical and genetic analysis with BubR1 mutants, also finally reveal the roles
of BubR1’s many degron-like motifs: in the APC/C-MCC complex, BubR1 winds
between Cdc20MCC and Cdc20APC/C, occupying all degron-binding sites of both
copies (Fig. 3c) (Alfieri et al. 2016; Di Fiore et al. 2016). BubR1 binds Cdc20MCC

through its KEN1 motif and TPR domain as described above, and also through its
ABBA2 motif (Figs. 2c and 3c) (Diaz-Martinez et al. 2015; Alfieri et al. 2016; Di
Fiore et al. 2016). Between these motifs, BubR1 wraps around the WD40 domain
of Cdc20APC/C, binding through its D1, ABBA1, and KEN2 motifs (Fig. 3c) and
also causing a significant rotation of Cdc20APC/C that disrupts the bipartite D-box
recognition site (Alfieri et al. 2016). APC/C-bound MCC also sterically occludes
the binding of E2 enzymes to the APC/C catalytic module, further inhibiting
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activity (Yamaguchi et al. 2016; Alfieri et al. 2016). Thus, MCC targets
already-assembled APC/C-Cdc20 for inhibition, binding through a series of degron
motifs in BubR1. Because Cdc20APC/C remains bound to the APC/C in this com-
plex, reactivation of the APC/C upon SAC silencing requires only removal or
disassembly of the bound MCC (see Sect. 5 and Fig. 4).

4 Assembly of the Mitotic Checkpoint Complex
at Unattached Kinetochores

The key molecular event monitored by the SAC is kinetochore-microtubule
attachment. Kinetochores are complex multi-megadalton structures that assemble
on each chromosome’s centromere, where they both mediate
chromosome-microtubule attachment and serve as signaling hubs for the check-
points monitoring attachment status. The architecture and function of kinetochores
are covered in recent excellent reviews (Pesenti et al. 2016; Nagpal and Fukagawa
2016); here I focus mainly on a conserved outer kinetochore complex, the KMN
network, that serves as the major sensor of microtubule attachment and a scaffold
for MCC assembly.

4.1 The KMN Network: A Scaffold for SAC Signaling
and MCC Assembly

The KMN network is a highly conserved outer kinetochore complex that serves as
both the main microtubule-binding component of the kinetochore, and a platform
for MCC assembly when microtubules are not bound (Fig. 5a) (Cheeseman et al.
2006; Varma and Salmon 2012). The KMN network contains three subcomplexes
with distinct roles: the Mis12 complex anchors the network to the inner kineto-
chore, the Ndc80 complex binds microtubules, and the Knl1 complex is responsible
for recruiting SAC proteins.

Knl1 (Spc105 in Saccharomyces cerevisiae, Spc7 in Schizosaccharomyces
pombe, Knl1/CASC5/Blinkin in humans) contains a large disordered N-terminal
region with multiple conserved motifs. Nearest the N-terminus is a
phosphatase-binding site, termed SILK/RVSF (Hendrickx et al. 2009; Liu et al.
2010). When kinetochores are not attached to microtubules, phosphatase binding is
inhibited through phosphorylation of this site by the Aurora B kinase (Liu et al.
2010). Following the SILK/RVSF motif in Knl1 are multiple short motifs, termed
MELT repeats (Desai et al. 2003; Nekrasov et al. 2003; Cheeseman et al. 2004;
Vleugel et al. 2015b), that are phosphorylated by the Mps1 kinase when kineto-
chores are not attached to microtubules (London et al. 2012; Shepperd et al. 2012;
Yamagishi et al. 2012). Phosphorylated MELT repeats (P-MELT) recruit the SAC
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protein Bub3 along with its binding partners, Bub1 and BubR1 (Yamagishi et al.
2012; Primorac et al. 2013; Vleugel et al. 2013, 2015b; Krenn et al. 2014; Zhang
et al. 2014; Overlack et al. 2015). As mentioned above, Bub1 and BubR1 are
paralogs with similar overall structures, but each has evolved to fulfill distinct roles
in the checkpoint: Bub1 serves as the major hub for MCC assembly by recruiting
SAC proteins, and BubR1 is a subunit of the MCC (Bub1 and BubR1’s evolution
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from a bifunctional ancestor is discussed more fully in Suijkerbuijk et al. 2012a; Di
Fiore et al. 2016). Both Bub1 and BubR1 bind Bub3 through their so-called
GLEBS motifs (Taylor et al. 1998; Wang et al. 2001; Larsen et al. 2007), and the
resulting complex is competent to bind Knl1 P-MELT repeats (Fig. 5b).
Interestingly, Bub1:Bub3 binds much more strongly to P-MELT repeats than does
BubR1:Bub3 (Primorac et al. 2013; Overlack et al. 2015), and the bulk of BubR1:
Bub3 is recruited to kinetochores indirectly, through a pseudo-symmetric
Bub1-BubR1 dimer interaction (Overlack et al. 2015; Zhang et al. 2015). Some
BubR1:Bub3 is recruited directly to Knl1 P-MELT repeats, however, and prelim-
inary evidence suggests that this pool may be the major source of BubR1:Bub3 that
is incorporated into the MCC (see Sect. 4.3) (Zhang et al. 2016a). The requirement
for BubR1 localization to kinetochores varies between organisms, however, as
some BubR1 orthologs—such as S. pombe Mad3—lack both Bub3 and Bub1
binding motifs (Fig. 2c).

Once recruited to Knl1 P-MELT motifs, Bub1 and BubR1 recruit the remaining
SAC components necessary for MCC assembly: Cdc20 and a complex of Mad1
bound to C-Mad2. Cdc20 is recruited by both Bub1 and BubR1, through homol-
ogous degron-like motifs C-terminal to these proteins’ GLEBS motifs (BubR1
ABBA3 (Lischetti et al. 2014; Di Fiore et al. 2015), Bub1 KEN-ABBA (Vleugel
et al. 2015a)). Mad1:Mad2 is also probably recruited by Bub1, with direct inter-
actions between Mad1 and Bub1 having been reported in multiple organisms
including fungi, nematodes, and humans (London and Biggins 2014; Moyle et al.
2014; Ji et al. 2017). Humans and other complex eukaryotes also possess a separate
complex, known as RZZ (Rod-Zwilch-ZW10) that binds Bub1 and recruits Mad1:
Mad2 (Wang et al. 2004; Kops et al. 2005; Buffin et al. 2005; Karess 2005; Barisic
and Geley 2011; Zhang et al. 2015; Caldas et al. 2015; Silió et al. 2015). Regardless
of its recruitment pathway, kinetochore-localized Mad1:Mad2 is necessary to
recruit soluble O-Mad2 and mediate its conversion to C-Mad2, binding to the
Cdc20 KILR motif, and assembly into the MCC (see Sect. 4.3).

JFig. 4 Life cycle of the APC/C in mitosis. (1) After CDK phosphorylation (not shown) and
binding of Cdc20APC/C (purple), the APC/C is active. (2) Unattached kinetochores trigger the
assembly of the MCC (see Fig. 5), which binds and inhibits APC/C-Cdc20 by occupying all
degron-recognition sites and rotating Cdc20APC/C away from Apc10 (Alfieri et al. 2016). (3)
Upon SAC silencing, two pathways lead to APC/C reactivation. First, rotation of the bound MCC
to the “open” position (stabilized by Apc15) allows auto-ubiquitination of the Cdc20MCC

N-terminal tail, triggering proteasome-mediated destruction. (4) Second, p31comet and TRIP13
extract Mad2 from the MCC, potentially resulting in a partially bound state (BBC:
BubR1-Bub3-Cdc20) in which the remaining MCC subunits are less-stably bound and prone to
dissociation (potentially also involving Cdc20MCC ubiquitination; outline arrow). (5) After
APC/C-Cdc20 reactivation, it ubiquitinates B-type cyclins and securin to promote anaphase onset
and mitotic exit
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right from PDB ID 4BL0 Primorac et al. 2013). BubR1 and Bub1 form a pseudo-symmetric dimer
interaction involving their “helical extension” segments (“HE” in Fig. 2c) C-terminal to the
GLEBS motif (Overlack et al. 2015). c MCC assembly at unattached kinetochores. Mps1 is
recruited to Ndc80 in the absence of microtubules, and phosphorylates Knl1 MELT repeats to
mediate recruitment of Bub1-Bub3 (thin red arrows). Aurora B (tethered at the inner centromere;
light yellow) phosphorylates the Knl1 SILK/RVSF motif to inhibit PP1 binding (thin red arrow).
Bub1 recruits Mad1:C-Mad2 (in some organisms, through the RZZ complex), and both Bub1 and
BubR1 recruit Cdc20 (thin black arrows). Mad1-bound C-Mad2 converts soluble O-Mad2 to
C-Mad2 concomitant with Cdc20 binding, followed by binding of BubR1 to complete MCC
assembly (thick gray arrows). d After kinetochore-microtubule attachment, multiple mechanisms
inactivate MCC assembly. In the absence of Mps1, PP1-mediated dephosphorylation of
Knl1 MELT repeats causes loss of Bub1/Bub3, and in those organisms with RZZ, Mad1:
C-Mad2 is actively “stripped” from kinetochores through coupling to dynein motors
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4.2 The Mps1 Kinase Coordinates Attachment Sensing
with MCC Assembly

As noted above, the kinase Mps1 phosphorylates Knl1 MELT repeats to initiate
recruitment of SAC components to unattached kinetochores (the diverse roles of
Mps1 are reviewed in Lan and Cleveland 2010; Liu and Winey 2012). Mps1
recruitment, therefore, must be responsive to kinetochore-microtubule attachment
status. It is not surprising, therefore, that the key determinant of Mps1 recruitment is
the Ndc80 complex, the major kinetochore complex responsible for microtubule
binding (Martin-Lluesma et al. 2002; Nijenhuis et al. 2013; Zhu et al. 2013; Hiruma
et al. 2015; Ji et al. 2015; Aravamudhan et al. 2015; Dou et al. 2015). Exactly how
Mps1 kinase activity is coordinated with Ndc80-microtubule binding is not yet
firmly established. One mechanistic model involves a direct competition between
Mps1 and microtubules for Ndc80 binding. Supporting this idea, two groups
recently showed that Mps1 binds directly to the Ndc80 CH domain, which is also
responsible for microtubule binding (Wei et al. 2007; Ciferri et al. 2008; Hiruma
et al. 2015; Ji et al. 2015). These studies showed that Mps1-Ndc80 binding is
suppressed in vitro by microtubules, suggesting that Mps1 and microtubules
compete directly for Ndc80 binding (Hiruma et al. 2015; Ji et al. 2015). Another
possible mechanism is that Mps1 remains associated with Ndc80 even after
microtubule attachment, but its ability to phosphorylate Knl1 is inhibited once
attachment occurs (Aravamudhan et al. 2015). In either case, active Mps1 promotes
MCC assembly at unattached kinetochores in several ways. First and most
importantly, it phosphorylates the MELT repeats in the N-terminal region of Knl1
(London et al. 2012; Shepperd et al. 2012; Yamagishi et al. 2012), which in turn
recruit Bub1:Bub3 as described above. Mps1 also phosphorylates Bub1 directly,
and this phosphorylation was recently shown to be required for Bub1’s ability to
recruit Mad1:Mad2 to kinetochores (London and Biggins 2014; Ji et al. 2017).
Finally, Mps1 phosphorylates Mad1 in its poorly characterized C-terminal RWD
domain, promoting a direct Mad1-Cdc20 interaction that contributes to MCC
assembly and SAC signaling (Hardwick et al. 1996; Faesen et al. 2017; Ji et al.
2017).

4.3 Assembling the MCC

Once all SAC components are recruited to unattached kinetochores, they participate
in a complex structural dance, still incompletely understood, that ultimately results
in fully assembled MCC. The first, and rate-limiting, step of MCC assembly is the
association of Mad2 with Cdc20 (Simonetta et al. 2009; Faesen et al. 2017). This
occurs when kinetochore-localized Mad1:Mad2 recruits soluble O-Mad2 to kine-
tochores through a pseudo-symmetric Mad2 homodimer interaction (Fig. 6) (Luo
et al. 2004; Howell et al. 2004; Shah et al. 2004; de Antoni et al. 2005; Vink et al.

Molecular Mechanisms of Spindle Assembly … 441



O-Mad2O-Mad2

C-Mad2 (empty)

C-Mad2:Cdc20 MCC

APC/C

I-Mad2

C-Mad2:p31comet

p31comet

p31comet

TRIP13

Mad1:C-Mad2

Unattached kinetochores

MIM

KILR

O-Mad2

BubR1

WD40

safety
belt

safety
belt

SpontaneousSpontaneousSpontaneous

Fig. 6 The Mad2 conformational cycle. The majority of soluble cellular Mad2 is in the open
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motif binding site (Luo et al. 2004) (structure from Luo et al. 2000); PDB 1DUJ). SAC pathway
(black arrows): Upon SAC activation, unattached kinetochores recruit a complex of Mad1 bound
to closed Mad2 (C-Mad2), which in turn dimerizes with soluble O-Mad2 to generate
“intermediate” Mad2 (I-Mad2), primed for conversion to C-Mad2 and binding to Cdc20 [(Hara
et al. 2015); structure shown is a composite of PDBs 1GO4 (Mad1:Mad2) (Sironi et al. 2002) and
2V64 (C-Mad2:I-Mad2) (Mapelli et al. 2007)]. After Mad2:Cdc20 binding, BubR1 (with
associated Bub3, not shown) binds to complete the assembly of the MCC, which is competent for
APC/C inhibition (Chao et al. 2012; PDB 4AEZ). Recycling pathway (orange arrows): p31comet

binds C-Mad2 in the MCC in a manner akin to Mad2 homodimerization (Yang et al. 2007; PDB
2QYF). C-Mad2:p31comet is recognized and disassembled by TRIP13, reforming O-Mad2 (Ye
et al. 2015). Spontaneous pathway (gray arrow): O-Mad2 spontaneously converts to ligand-free
C-Mad2 with a lifetime (1/k) of *10 h (Luo et al. 2004; PDB 1S2H). p31comet and TRIP13
recycle this C-Mad2 to maintain a soluble pool of O-Mad2 for SAC activation (Ma and Poon
2016)

442 K.D. Corbett



2006; Nezi et al. 2006). The resulting C-Mad2:O-Mad2 dimer has been visualized
in two different x-ray crystal structures (Mapelli et al. 2007; Hara et al. 2015), and
in both cases the O-Mad2 protomer adopts a subtly altered conformation compared
to its structure in solution. This conformational shift is believed to promote dis-
sociation of the C-terminal safety belt motif from its position occluding the closure
motif binding site, resulting in a transient partially unfolded state (Mapelli and
Musacchio 2007; Hara et al. 2015). Partially unfolded Mad2 is competent to
associate with the Cdc20 KILR motif and refold into the closed state. The unique
Mad1:Mad2-mediated conversion of soluble O-Mad2 to C-Mad2 has been termed
the “Mad2 template model” (de Antoni et al. 2005; Musacchio and Salmon 2007;
Mapelli and Musacchio 2007). After Mad2-Cdc20 binding, MCC assembly is
completed when BubR1 binds both proteins as described above (Chao et al. 2012).

It has been understood for some time that in solution, O-Mad2 is less stable than
C-Mad2 and will spontaneously convert to C-Mad2 with a half-time of several
hours (Luo et al. 2004). Given that conversion of O-Mad2 to C-Mad2 is the
rate-limiting step of MCC assembly, why does spontaneous conversion in solution
not result in Cdc20 binding and MCC assembly? The key difference is likely the
presence of Cdc20: binding of Mad2 to a closure motif can probably only occur in
the transient partially unfolded state between O-Mad2 and C-Mad2, when the safety
belt is disengaged from the HORMA domain core. Thus, the presence of Cdc20 at
the time and place of Mad2 conformational conversion is likely key for complex
formation. Further control over this assembly could be mediated by Mad1’s
functionally mysterious C-terminal RWD domain, which is phosphorylated by
Mps1 at unattached kinetochores, interacts directly with Cdc20, and may be
required for initial Cdc20-Mad2 association (Faesen et al. 2017; Ji et al. 2017).
Away from kinetochores, spontaneous O-Mad2 to C-Mad2 conversion probably
results in “empty” C-Mad2 that not only does not nucleate MCC assembly (Fig. 6),
but is actively harmful in that it cannot be recruited to kinetochores when needed
(as Mad1:Mad2 specifically recruits O-Mad2). For this reason, spontaneous
O-Mad2 to C-Mad2 conversion must be continually counteracted in the cell to
maintain a functional SAC (see Sect. 5.2 and Fig. 6) (Ma and Poon 2016).

5 Silencing the SAC

5.1 Kinetochore Transformations

After all kinetochores become attached to microtubules, the SAC must be silenced
to allow anaphase onset. To accomplish SAC silencing, kinetochores undergo a
number of structural and compositional changes. First, Ndc80 binding to micro-
tubules suppresses Mps1 activity, either by removing it from kinetochores or
spatially segregating it from its substrates. At the same time, the activity of the
Aurora B kinase, which phosphorylates a number of outer kinetochore components
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when kinetochores are not attached, including the Knl1 SILK/RVSF motif, is
suppressed (regulation of Aurora B is discussed in detail in Lampson and
Cheeseman 2011; Carmena et al. 2012; van der Horst and Lens 2014; Krenn and
Musacchio 2015). The loss of these two kinase activities alters the balance of
kinase/phosphatase activity at the outer kinetochore, first enabling Protein
Phosphatase 2A (PP2A), recruited by BubR1, to dephosphorylate the Knl1
SILK/RVSF motif (Espert et al. 2014; Nijenhuis et al. 2014). The SILK/RVSF
motif then binds protein phosphatase 1 (PP1) (Liu et al. 2010; Rosenberg et al.
2011; Meadows et al. 2011; London et al. 2012), which in turn dephosphorylates
the Knl1 MELT repeats, resulting in loss of Bub1:Bub3 and all associated SAC
components. The delicate balance of kinase and phosphatase activities at kineto-
chores, and how this balance is affected by microtubule attachment and other
events, is outside the scope of this review but is covered in detail elsewhere
(Suijkerbuijk et al. 2012b; Foley and Kapoor 2013; Espert et al. 2014; Nijenhuis
et al. 2014; Etemad and Kops 2016). Finally, in organisms that possess the RZZ
complex, RZZ and an associated protein called Spindly mediate the active “strip-
ping” of Mad1:Mad2 from kinetochores upon microtubule attachment by linking
Mad1:Mad2 to the microtubule minus-end directed motor dynein (Starr et al. 1998;
Howell et al. 2001; Gassmann et al. 2008, 2010; Yamamoto et al. 2008; Chan et al.
2009; Barisic et al. 2010). Thus, microtubule attachment sets in motion a series of
events that result in the dissociation of all SAC components from kinetochores,
thereby halting MCC assembly.

5.2 MCC Disassembly and Degradation

In addition to halting assembly of new MCC, SAC silencing requires that existing
MCC, both soluble and APC/C-Cdc20 bound, be disassembled and/or degraded.
Two separate pathways have been identified that contribute to MCC turnover, one
involving ubiquitination and degradation of Cdc20MCC, and the other involving
direct disassembly of the MCC complex through the extraction of Mad2.

The first pathway for reactivation of inhibited APC/C-MCC complex involves
the ubiquitination and subsequent degradation of Cdc20MCC (Pan and Chen 2004;
King et al. 2007; Reddy et al. 2007; Ge et al. 2009; Foe et al. 2011). As noted
above, the MCC not only occupies the degron-binding sites of the APC/C, it also
sterically occludes binding of E2 enzymes to the APC/C catalytic module. Recent
cryo-EM analysis of APC/C-MCC identified a minor conformational state (termed
APC/C-MCC-open) in which the bound MCC is rotated away from the catalytic
module, allowing binding of an E2 enzyme (Fig. 4) (Alfieri et al. 2016). A structure
of the APC/C-MCC-open state with a bound E2, UbcH10, revealed how Cdc20MCC

can be ubiquitinated while still bound to the APC/C (Alfieri et al. 2016). This work
also revealed why the small APC/C subunit Apc15 is required for Cdc20MCC

ubiquitination (Mansfeld et al. 2011; Foster and Morgan 2012; Uzunova et al.
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2012): in the absence of Apc15, the APC/C-MCC-open state is not accessed,
meaning that E2 binding and Cdc20MCC ubiquitination cannot occur (Alfieri et al.
2016). After ubiquitination of Cdc20MCC, this protein is presumably targeted to the
proteasome for degradation, resulting in the reactivation of APC/C-Cdc20.

A second pathway for MCC turnover involves the direct disassembly of MCC
by two proteins, p31comet and TRIP13 (Pch2 in yeast). p31comet is a HORMA
domain protein distantly related to Mad2, that was first identified as a
Mad2-binding protein (Habu et al. 2002; Xia et al. 2004). TRIP13 is a AAA+ family
ATPase, which was first identified as a regulator of the Mad2-related HORMAD
proteins in meiotic prophase (San-Segundo and Roeder 1999; Borner et al. 2008;
Wojtasz et al. 2009; Vader 2015). Recently, TRIP13 was found to cooperate with
p31comet in MCC disassembly and SAC inactivation (Teichner et al. 2011; Tipton
et al. 2012; Eytan et al. 2014; Wang et al. 2014; Miniowitz-Shemtov et al. 2015;
Ma and Poon 2016). Together, p31comet and TRIP13 specifically recognize C-Mad2
and convert it to the unbound O-Mad2 conformation (Ye et al. 2015). This enzy-
matic activity has multiple important functions, depending on context. First,
p31comet and TRIP13 can directly disassemble soluble MCC (Mansfeld et al. 2011;
Eytan et al. 2014). p31comet can also bind to APC/C-MCC, and some evidence
suggests that Mad2 can be extracted from within APC/C-bound MCC, albeit less
efficiently than from soluble MCC (Mansfeld et al. 2011; Westhorpe et al. 2011).
Mad2 extraction from either soluble MCC or APC/C-MCC is a possible source of
the BBC complex (BubR1, Bub3, Cdc20), which has been found to bind and inhibit
the APC/C under certain conditions (Nilsson et al. 2008; Kulukian et al. 2009;
Westhorpe et al. 2011; Han et al. 2013). It is likely that after Mad2 extraction, the
remaining subunits of the MCC are still able to inhibit APC/C-Cdc20 to some
extent. Ultimately, however, Mad2 extraction by p31comet and TRIP13 would
destabilize the MCC, promoting dissociation and APC/C-Cdc20 reactivation.

p31comet and TRIP13 are conserved in plants, animals, and insects, but a clear
fungal homolog of p31comet is missing, raising doubts about the conservation of the
p31comet/TRIP13-mediated MCC disassembly pathway. Recently, however, a rad-
ically shortened p31comet relative, termed Tiny yeast comet 1 (Tyc1), has been
identified in S. cerevisiae (Schuyler S.C., personal communication). The structural
mechanisms of this protein, and how it relates to more canonical p31comet proteins,
will be exciting to explore in the future.

Another question that remains largely unexplored is whether the two known
pathways for MCC turnover, Cdc20MCC ubiquitination and p31comet/
TRIP13-mediated Mad2 extraction, are functionally linked. Addition of p31comet to
cell extracts arrested in metaphase by nocodazole treatment has been shown to
promote Cdc20 ubiquitination (Reddy et al. 2007), suggesting that Mad2 extraction
might promote formation of the APC/C-MCC-open state and thereby promote
Cdc20MCC ubiquitination. The two pathways are not perfectly intertwined, how-
ever, as RNAi depletion of p31comet and the priming E2 enzyme UbcH10 (neces-
sary for Cdc20 ubiquitination) has an additive effect on SAC inactivation
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(Reddy et al. 2007). Overall, the functional relationship between Cdc20MCC

ubiquitination and MCC disassembly by p31comet and TRIP13 remains to be fully
explored.

As noted above, O-Mad2 is unstable and spontaneously converts to C-Mad2
in vitro with a half-time of several hours (Luo et al. 2004). Based on the idea that
this spontaneous conversion likely also occurs in the cell, we proposed that p31comet

and TRIP13 might be involved in “recycling” this C-Mad2 by converting it back to
O-Mad2 (Fig. 6) (Ye et al. 2015). This was recently shown to be the case: knockout
of TRIP13 in human cells causes a profound defect in SAC activation, rendering
these cells unresponsive to microtubule poisons such as nocodazole (Ma and Poon
2016). Biochemical examination shows that, indeed, Mad2 overwhelmingly adopts
the closed conformation in these cells, and there is no detectable Mad2 binding to
other MCC subunits (Ma and Poon 2016). Addition of exogenous TRIP13 to
extracts from TRIP13-knockout cells re-establishes the predominance of O-Mad2 in
solution (Ma and Poon 2016). In overall agreement with these results, work in
Caenorhabditis elegans has also shown that p31comet and TRIP13 homologs
(CMT-1 and PCH-2, respectively) are important for Mad2 recruitment to unat-
tached kinetochores, and that loss of these factors causes defects in SAC activation
(Nelson et al. 2015). Thus, p31comet and TRIP13 contribute to both SAC activation
and inactivation by catalyzing the closed-to-open conformational change in Mad2.

6 Conclusion

Recent years have seen tremendous advances in our understanding of the molecular
structures and protein–protein interactions underlying the SAC: the structure and
mechanisms of the APC/C, its mode of inhibition by the MCC, and the mechanisms
of MCC assembly and disassembly. We know much less about what occurs at
kinetochores, including how they promote MCC assembly, and how their structure
and composition changes in response to microtubule attachment/detachment and
other signals. Finally, our understanding of SAC dynamics, particularly how it is
able to respond quickly to changes in kinetochore-microtubule attachment status, is
in its infancy. Thus, while recent advances in molecular understanding of SAC
mechanisms represent an important step forward, a true holistic understanding of
this fascinatingly complex pathway still awaits.
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A Kinase-Phosphatase Network
that Regulates Kinetochore-Microtubule
Attachments and the SAC

Giulia Vallardi, Marilia Henriques Cordeiro
and Adrian Thomas Saurin

Abstract The KMN network (for KNL1, MIS12 and NDC80 complexes) is a hub
for signalling at the outer kinetochore. It integrates the activities of two kinases
(MPS1 and Aurora B) and two phosphatases (PP1 and PP2A-B56) to regulate
kinetochore-microtubule attachments and the spindle assembly checkpoint (SAC).
We will first discuss each of these enzymes separately, to describe how they are
regulated at kinetochores and why this is important for their primary function in
controlling either microtubule attachments or the SAC. We will then discuss why
inhibiting any one of them individually produces secondary effects on all the others.
This cross-talk may help to explain why all enzymes have been linked to both
processes, even though the direct evidence suggests they each control only one.
This chapter therefore describes how a network of kinases and phosphatases work
together to regulate two key mitotic processes.

1 Introduction

The kinetochore is a complex molecular machine consisting of over 100 different
proteins (Nagpal and Fukagawa 2016; Pesenti et al. 2016). These proteins can be
classified based on whether they perform a structural, functional, and/or regulatory
role. This broadly divides the kinetochore into three core parts: (1) a constitutive
inner network that is involved in tethering the outer kinetochore to chromosomes,
(2) a constitutive outer network that reaches out to capture and hold on to
microtubules, and (3) a dynamic regulatory set of regulatory components that
transiently associate with the kinetochore at the appropriate times. These dynamic
components are principally focussed on the KMN network, which is responsible
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for regulating the kinetochores two main functions: the physical attachment to
microtubules and activation of the SAC.

The attachment to microtubules needs to be regulated to ensure that incorrect
attachments, which fail to generate tension, can be removed in a process known as
error-correction (Krenn and Musacchio 2015). The SAC, on the other hand, must be
activated by unattached kinetochores to hold cells in mitosis and give time for
tension-generating attachments to form (Joglekar 2016; Lischetti and Nilsson 2015;
Musacchio 2015). This chapter focusses on the main kinetochore kinases and
phosphatases that regulate these two processes: MPS1, Aurora B, PP1 and
PP2A-B56.

At the beginning of mitosis, during prophase, kinase activities predominate at
kinetochores: MPS1 phosphorylates proteins that initiate SAC signalling (sym-
bolised by KNL1 in Fig. 1a), whereas Aurora B phosphorylates proteins to prevent
their attachment to microtubules (symbolised by NDC80 in Fig. 1a). Upon nuclear
envelope breakdown at the start of prometaphase, however, the phosphatases PP1
and PP2A-B56 are recruited to KNL1 where they begin to counteract the activity of
the kinases. This reduces Aurora B activity to allow kinetochore-microtubule
attachments to form and primes kinetochores to be ready to silence the SAC
(Fig. 1b). When these microtubule attachments generate tension, kinase activities
are reduced and phosphatase activities predominate, which stabilises these attach-
ments and locally silences the SAC (Fig. 1c). When all kinetochores have achieved
this stably attached state, the SAC is switched off globally, sister chromatids sep-
arate and the cell can exit mitosis.

As will become apparent, although these kinases and phosphatases perform very
specific roles at kinetochores, there is also considerable interplay between them: the
kinases regulate each other, the phosphatases regulate each other, and both kinases
also regulate, directly or indirectly, both phosphatases (Fig. 1). Not surprisingly,
this has contributed to a great deal of confusion in the field with regards to “who
controls what”. We shall attempt to clarify some of this confusion by first dis-
cussing the SAC and error-correction processes separately, from the point of view
of their direct bona fide kinases and phosphatases. This will explain how these
enzymes are regulated and why this is important to control either kinetochore-
microtubule attachments or the SAC. We will then discuss the issue of cross-talk
and explain why manipulating any one of these enzymes produces secondary effects
on all the others. This demonstrates that all four enzymes form part of an inter-
connected network that regulates both mitotic processes.

2 MPS1: The SAC Kinase

Monopolar spindle 1 (MPS1) was originally identified as a gene that controls
spindle pole body duplication in Saccharomyces cerevisiae (Winey et al. 1991), but
later shown to be a dual-specificity protein kinase essential for the spindle check-
point response (Lauze et al. 1995; Poch et al. 1994; Weiss and Winey 1996).
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Fig. 1 Spatiotemporal control of signalling on the KMN network. Schematic to describe how a
network of kinases and phosphatases regulate the SAC and kinetochore-microtubule attachments
a In prophase, the kinase activities of MPS1 and Aurora B are unopposed and key signalling
events are initiated b In prometaphase, on unattached kinetochores, PP2A-B56 is recruited via
BUBR1, which begins to antagonise Aurora B to recruit PP1 to KNL1. PP2A-B56 also
antagonises Aurora B to promote kinetochore-microtubule attachments, whereas PP1 antagonises
MPS1 to limit KNL1-MELT phosphorylation and prime the SAC for rapid silencing c Following
microtubule attachment at metaphase, PP1 reverses KNL1-MELT phosphorylation and antago-
nises Aurora B to stabilise kinetochore fibres
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The first clues that MPS1 was an upstream component in the checkpoint signalling
pathway came with the finding that overexpression of MPS1 alone is sufficient to
cause a checkpoint-dependent arrest in Schizosaccharomyces pombe in the absence
of spindle perturbations (Hardwick et al. 1996). MPS1 was subsequently shown to
localise to unattached kinetochores (Abrieu et al. 2001; Castillo et al. 2002; Fisk
and Winey 2001; Stucke et al. 2002) where it auto-phosphorylates on key residues
in the activation loop and P + 1 loop (Kang et al. 2007; Mattison et al. 2007) in
trans following dimerization (Hewitt et al. 2010). MPS1 kinetochore localisation is
critical for SAC activity because N-terminal truncations abolish both kinetochore
recruitment and the SAC, and artificially rescuing the localisation is sufficient to
reactivate the SAC (Heinrich et al. 2012; Nijenhuis et al. 2013).

It is important to note that this kinetochore localisation is dynamic and MPS1
rapidly exchanges with the cytosol throughout mitosis (Howell et al. 2004; Jelluma
et al. 2010). There is no known function of MPS1 in the cytosol, therefore it is
tempting to speculate that the activity of MPS1 may be confined to the kinetochore.
For example, auto-inhibitory mechanisms may be relieved upon kinetochore
binding or active MPS1 may be susceptible to dephosphorylation by cytosolic
phosphatases. The development of FRET-based reporters of MPS1 activity would
help to shed light on exactly when and where MPS1 is active during mitosis.

When kinetochore-microtubule attachments form, the SAC needs to be silenced
and a key event is the removal of MPS1 from kinetochores. Tethering MPS1 to
kinetochores, by fusing to the outer kinetochores proteins MIS12 (Jelluma et al.
2010; Heinrich et al. 2012) or NDC80 (Ito et al. 2012), maintains MPS1 on attached
kinetochores and prevents SAC silencing. Furthermore, re-recruitment of MPS1 to
kinetochores that have already silenced the SAC at metaphase rapidly re-establishes
the SAC and arrests mitotic exit (Kuijt et al. 2014; Ballister et al. 2014). This
demonstrates that MPS1 recruitment is a key upstream event in SAC signalling,
which explains why MPS1 activity is required for the recruitment of all known SAC
components to the kinetochore (Heinrich et al. 2012; Santaguida et al. 2010;
Kwiatkowski et al. 2010; Maciejowski et al. 2010; Hewitt et al. 2010; Sliedrecht
et al. 2010). Furthermore, the fact that loss or gain of kinetochore MPS1 is sufficient
to silence or activate the SAC, suggested that MPS1 could be the key “sensor”
responsible for detecting kinetochore-microtubule attachment status and relaying
this information to the spindle checkpoint machinery. The underlying basis for this
sensing mechanisms was recently solved.

MPS1 binds directly to the NDC80 complex, the key microtubule attachment
site at the outer kinetochore, via the Calponin Homology (CH) domains of NDC80
and NUF2 (Hiruma et al. 2015; Ji et al. 2015). One or both of these CH domains
also bind to microtubules (Wilson-Kubalek et al. 2008; Alushin et al. 2010; Ciferri
et al. 2008; Sundin et al. 2011), and the MPS1-NDC80 interaction is inhibited in the
presence of microtubules in vitro (Hiruma et al. 2015; Ji et al. 2015). The pre-
diction, therefore, is that competition between MPS1 and microtubules is likely to
contribute to SAC silencing following stable kinetochore-microtubule attachment
in vivo. It is important to note that although this mechanism was uncovered in
humans, it may not have been conserved throughout evolution. MPS1 does not
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need to be removed from kinetochores to silence the SAC in budding yeast. Instead,
a change in kinetochore structure following microtubule attachment is sufficient to
spatially restrict access of MPS1 to its key kinetochore substrate, KNL1
(Aravamudhan et al. 2015; Joglekar 2016). In fact, others have argued that this may
also be how MPS1 signalling is silenced in human cells (Musacchio 2015). The
argument that it could at least contribute is valid and warrants further investigation.

An additional mechanism that could contribute to SAC silencing relates to
inhibition of any one of the upstream inputs needed for MPS1-NDC80 interaction.
Phosphorylation of MPS1 or NDC80 (by either Aurora B, MPS1 or CDK1) has
been shown to enhance MPS1-NDC80 binding in vitro (Hiruma et al. 2015; Ji et al.
2015). Therefore, if phosphorylation is required for MPS1 kinetochore localisation
in vivo, then a reduction in any one of these inputs following microtubule
attachment/tension could contribute to MPS1 removal and SAC silencing. In this
regard, Aurora B activity could well be the most relevant, because it is required for
the localisation of MPS1 to kinetochores in the absence of microtubules (Jelluma
et al. 2010; Santaguida et al. 2010; Saurin et al. 2011), and tension across kine-
tochores is known to reduce localised Aurora B activity (Liu et al. 2009).
Furthermore, Aurora B-mediated phosphorylation of the NDC80 tail region, which
is lost as microtubules make stable attachments with kinetochores, has been directly
implicated in MPS1-NDC80 interaction in vitro (Ji et al. 2015) and MPS1 locali-
sation in vivo (Zhu et al. 2013). Others have questioned the validity of the in vivo
data (Etemad and Kops 2016), therefore, it will be important to clarify whether
Aurora B controls MPS1 localisation directly in vivo and, if so, whether this occurs
via NDC80 phosphorylation or alternative mechanisms.

The importance of MPS1 activity for its own localisation is still puzzling: MPS1
auto-phosphorylation enhances NDC80 interaction in vitro (Hiruma et al. 2015),
and yet MPS1 inhibition increases kinetochore accumulation in cells (Jelluma et al.
2010). The reason for this difference is not clear, but the enhanced localisation in
cells may result from feedback that is missing in vitro. A potential explanation
could be provided by the recent discovery that ARHGEF17 controls MPS1 kine-
tochore localisation (Marquardt and Fisk 2016). MPS1 phosphorylates ARGEF17
to drive its own release from kinetochores, therefore MPS1 inhibition preserves
kinetochore localisation in cells. It will be important in future to determine how
ARGEF17 targets MPS1 to kinetochores (i.e. via NDC80 or not) and whether this is
regulated directly by Aurora B.

The initiation of SAC downstream of MPS1 will be discussed in detail in an
accompanying Chap. Molecular mechanisms of spindle assembly checkpoint
activation and silencing. It is also the subject of some excellent recent reviews
(Joglekar 2016; Lischetti and Nilsson 2015; Musacchio 2015). To understand the
remainder of this chapter, however, it is important to state that a key event
downstream of MPS1 is the phosphorylation of KNL1 on “MELT” repeats
(Fig. 1b) (Yamagishi et al. 2012; London et al. 2012; Shepperd et al. 2012). This
KNL1 phosphorylation initiates a cascade of events that culminate in the assembly
of the mitotic checkpoint complex, which can diffuse throughout the cytoplasm to
inhibit APC-CDC20 and prevent mitotic exit (Izawa and Pines 2015).
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3 Aurora B: The Error-Correction Kinase

Aurora B is a member of the Aurora family of serine/threonine protein kinases,
originally discovered in yeast (Chan and Botstein 1993) and later found to regulate
chromosome segregation in several species including human (Glover et al. 1995;
Gopalan et al. 1997; Kimura et al. 1997; Biggins et al. 1999; Hauf et al. 2003;
Ditchfield et al. 2003). The main role of Aurora B in chromosome segregation is to
regulate attachments between kinetochores and microtubules (Tanaka et al. 2002;
Biggins et al. 1999; Hauf et al. 2003; Lampson et al. 2004); although it also has
important roles in regulating sister chromatid cohesion (Losada et al. 2002;
Nishiyama et al. 2013; Kim et al. 2013; Dai et al. 2006; Gimenez-Abian et al.
2004), assembling the outer kinetochore (Dimitrova et al. 2016; Petrovic et al.
2016; Kim and Yu 2015; Rago et al. 2015), and regulating the SAC (as discussed
later) (Maldonado and Kapoor 2011; Santaguida et al. 2011; Saurin et al. 2011;
Vader et al. 2007).

The principle behind its role in regulating attachments is that Aurora B can
selectively destabilise microtubules from kinetochores that are incorrectly attached,
whilst leaving correctly attached microtubules intact (Fig. 2). Therefore, although
the chromosome attachment process is error-prone, the presence of Aurora B allows
these errors to be corrected in iterative cycles of detachment and attachment until
tension is achieved and kinetochore fibres remain stably bound. This immediately
raises two important questions: how does Aurora B detach kinetochore-
microtubules and how is that detachment process regulated by tension?

(a) Unattached

Zone of Aurora B 
activity

(d)  Merotelic

(b) Amphitelic

(c) Monotelic (e)  Syntelic

Fig. 2 The different types of kinetochore-microtubule attachments regulated during
error-correction a A zone of Aurora B activity encompasses unattached kinetochores to destabilise
any kinetochore-microtubule attachments that form b Following bipolar attachment, tension across
the kinetochore stabilises microtubules by restricting Aurora B from phosphorylating key
kinetochore substrates c–e The various types of microtubule attachments that do not generate
sufficient tension and can therefore be destabilised by Aurora B
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The mechanism by which Aurora B destabilises microtubule attachments is now
well understood: it phosphorylates and inhibits key proteins at the outer kinetochore
that are involved in stabilising those attachments. The NDC80 complex is one of
the main outer kinetochore proteins that interacts with microtubules, via its CH
domain and N-terminal tail, and Aurora B phosphorylates up to nine residues within
this tail region to electrostatically interfere with microtubule binding (Miller et al.
2008; Guimaraes et al. 2008; Ciferri et al. 2008; DeLuca et al. 2006; Cheeseman
et al. 2006; Alushin et al. 2010; Wei et al. 2007). In addition to simply binding
microtubules, the kinetochore must also hold onto these microtubules as they
depolymerise. This is believed to be dependent on two structurally unrelated, but
functionally homologous, complexes in budding yeast (DAM1) or higher eukary-
otes (SKA), both of which are phosphorylated by Aurora B to prevent microtubule
interaction and/or kinetochore association (Asbury et al. 2006; Westermann et al.
2006; Welburn et al. 2009; Tanaka et al. 2007; Raaijmakers et al. 2009; Hanisch
et al. 2006a; Gaitanos et al. 2009; Cheeseman et al. 2002; Chan et al. 2012; Schmidt
et al. 2010). Finally, Aurora B also phosphorylates additional outer kinetochore
components (Welburn et al. 2010; Hua et al. 2011), microtubule-binding proteins
(Iimori et al. 2016), and microtubule-depolymerising kinesins (Zhang et al. 2007;
Ohi et al. 2004; Knowlton et al. 2009; Lan et al. 2004; Andrews et al. 2004) to
fine-tune the stability of microtubule attachments. Therefore, Aurora B phospho-
rylates multiple targets at the outer kinetochore to destabilise microtubule attach-
ments, but why does it do this preferentially for kinetochore-microtubules that fail
to generate tension? The short answer is that the activity of Aurora B is higher at
these tensionless kinetochores (Liu et al. 2009). To explain the theories as to why,
we must first explain how Aurora B activity and localisation is controlled.

Aurora B is part of the chromosome passenger complex (CPC), which also
contains the Inner Centromere Protein (INCENP), Survivin and Borealin
(Jeyaprakash et al. 2007). The Survivin and Borealin subunits are anchored to the
N-terminus of INCENP, whereas the catalytic activity of the complex is provided
by the Aurora B subunit bound to the C-terminus of INCENP (Krenn and
Musacchio 2015). Activation of this catalytic subunit is controlled by multiple
steps. First, a short region in the C-terminus of INCENP (termed the IN-box) binds
near the active site to stimulate low levels of kinase activity. This allows subsequent
auto-phosphorylation of the IN-box (on a TSS motif) and Aurora B itself (within
the activation loop), which stimulates full activity of the complex (Sessa et al. 2005;
Honda et al. 2003; Bishop and Schumacher 2002, Yasui et al. 2004).
Auto-phosphorylation of at least the TSS motif is believed to occur in trans
(Zaytsev et al. 2016; Sessa et al. 2005), which explains why artificial clustering of
the CPC in vitro (Kelly et al. 2007) or in vivo (Wang et al. 2011a) activates
Aurora B. This also explains why the endogenous pathways that promote CPC
clustering in cells are so important for Aurora B activation.

At the start of mitosis the CPC initially clusters on chromatin before it con-
centrates at the centromere (Carmena et al. 2012b). This centromeric localisation
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pathway is controlled by multiple different kinase and phosphatase feedback loops
that converge on key phospho-dependent interactions between histone tails and the
Borealin or Survivin subunits of the CPC. In short, Histone H3-Thr3 (H3-T3)
phosphorylation by Haspin creates a docking site for Survivin (Jeyaprakash et al.
2011; Kelly et al. 2010; Wang et al. 2010; Yamagishi et al. 2010; Niedzialkowska
et al. 2012) and H2A-Thr120 (H2A-T120) phosphorylation by BUB1 allows the
binding of Shugoshin proteins (SGO1 or SGO2), which also interact with
CDK1-phosphorylated Borealin (or Survivin in fission yeast) (Kawashima et al.
2007, 2010; Yamagishi et al. 2010; Tsukahara et al. 2010). Aurora B activity
reinforces its own localisation by activating Haspin (Ghenoiu et al. 2013; Wang
et al. 2011b), promoting the kinetochore localisation of BUB1 (Vigneron et al.
2004), and inhibiting the chromatin localisation of the H3-T3 phosphatase
RepoMan-PP1 (Qian et al. 2013). These pathways rapidly converge on the cen-
tromere because kinetochore-BUB1 phosphorylates H2A-T120 on histone tails in
the centromeric region, and the H3-T3 kinase Haspin binds cohesin rings
(Yamagishi et al. 2010), which are themselves concentrated at the centromere by a
pathway involving BUB1/H2A-T120/SGO1 in human cells (Haarhuis et al. 2014).
In addition, the inner centromeric recruitment of Haspin has recently been shown to
be regulated by interaction with a SUMOylated form of Topoisomerase II
(Edgerton et al. 2016; Yoshida et al. 2016).

The role of this centromeric CPC recruitment is to stimulate Aurora B activation
by promoting trans-auto-phosphorylation, and to position this active pool close
enough to the outer kinetochore to regulate microtubule attachment. The fact that
Aurora B is “close” but not “at” the outer kinetochore is critical for the ability of the
CPC to sense tension. The basic principle here is that the active pool of Aurora B is
in range of its key substrates at kinetochores, but when tension is applied by
microtubules, these substrates are pulled away from this zone of activity (Tanaka
et al. 2002; Liu et al. 2009). Although the importance of the centromeric pool of
Aurora B has recently been questioned (Campbell and Desai 2013), the principle of
“spatial separation” is still a widely accepted model for tension-sensing. Exactly
how this process works, however, is still very much a matter of debate (Krenn and
Musacchio 2015; Lampson and Cheeseman 2011).

The debate principally concerns how Aurora B reaches its substrates from the
centromere and why this is restricted by the tension exerted by microtubules.
Aurora B could potentially reach from its anchor point at the centromere, assuming
INCENP acts as a flexible linker to provide the required length. In this “leash”
model, small changes in distance could physically pull the kinetochore out of reach
of the Aurora B subunit (Santaguida and Musacchio 2009; Maresca and Salmon
2010). A simple prediction is that reducing the length of the leash should disturb
error correction, however chromosome alignment is unaffected by deletion of the
INCENP coiled-coil region (Vader et al. 2007). Alternatively, Aurora B could
defuse away from the centromere to reach its outer kinetochore targets (Wang et al.
2011a). However, as pointed out previously by others (Krenn and Musacchio
2015), it is unlikely that simple diffusion alone could account for the very sharp

464 G. Vallardi et al.



cut-off in Aurora B activity that occurs within the 100 nm length scale of the
kinetochore. At least part of the answer could be explained by the presence of
phosphatases to sharpen this gradient near kinetochores.

Using a coupled in vitro kinase-phosphatase system, Aurora B was shown to
exist in distinct high and low activity states, which may contribute to the required
switch-like behaviour at kinetochores (Zaytsev et al. 2016). The role of phosphatase
regulation in this regard is perhaps particularly important. Both PP1 and PP2A-B56
localise to the outer kinetochore and their regulated localisation and/or activity
could contribute to the inactivation of kinetochore Aurora B or its substrates fol-
lowing microtubule attachment/tension (as discussed later). In fact, the possibility
that tension may alter kinetochore phosphatase activity could potentially unite two
camps that currently disagree over the tension-sensing mechanism (Krenn and
Musacchio 2015; Campbell and Desai 2013). The debate principally concerns
whether the important tension-dependent changes are intrinsic or extrinsic to the
kinetochore. If intrinsic phosphatase activation worked together with an extrinsic
increase in distance (to produce a sharp Aurora B gradient near kinetochores, for
example), then both mechanisms could in fact contribute to tension-sensing. The
important distance changes may depend on centromere-kinetochore distance, as
originally proposed, or on the distance between the outer kinetochore and other
pools of Aurora B that may reside in or around kinetochores. Furthermore, these
ideas need not be mutually exclusive either, since these “other pools” could also
indirectly depend on centromeric Aurora B for activity: the CPC could potentially
use interactions with microtubules to position itself near to kinetochores (Banerjee
et al. 2014; Krupina et al. 2016; Campbell and Desai 2013), or it may interact with
components within the kinetochore itself. Although the existence of these kineto-
chore interaction interfaces is still speculative, it is important to note that several
groups have reported a significant pool of active Aurora B that resides in or near the
outer kinetochore (using the phospho-Aurora B-Thr232 activation loop antibody)
(Posch et al. 2010; DeLuca et al. 2011; Caldas et al. 2013). How this active pool is
regulated is unknown, but it may require the N-terminus of KNL1 (Caldas et al.
2013) and/or CPC dimerization (Bekier et al. 2015). It will be important in future to
clarify whether this truly reflects an active pool of Aurora B (and not simply a
cross-reacting Aurora B substrate) and, if it does, to determine whether this active
pool is regulated by tension.

Finally, it is also important to note that microtubule attachment/tension is likely
to feedback onto Aurora B and regulate its localisation to the centromere.
Unaligned kinetochores have higher centromeric Aurora B levels than aligned
kinetochores, which can be explained by the tension-sensitive removal of SGO1/2
due to the separation of kinetochore BUB1 away from its centromeric substrate
Histone H2A (Salimian et al. 2011; Tanno et al. 2015; Nerusheva et al. 2014).
Therefore, tension is likely to reduce the zone of Aurora B activity that originates
from centromeres, in addition to separating the outer kinetochore away from this
zone of activity (Fig. 2).
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4 The Antagonising Phosphatases

Having discussed the main kinases that regulate the SAC and kinetochore-
microtubule attachments, we will now discuss the phosphatases that antagonise
these kinase inputs. The first evidence that a phosphatase was required for chro-
mosome segregation came from genetic screens in fission yeast, which implicated
protein phosphatase 1 (PP1) homologues in chromosome disjunction and mitotic
exit (Ohkura et al. 1988, 1989; Booher and Beach 1989). Clues as to the molecular
targets of PP1 came from subsequent work in budding yeast that showed how
mutation of glc7, the PP1 homologue, can partially suppress mutation in ipl1, the
Aurora B homologue (Francisco et al. 1994). This antagonism between Aurora B
and PP1 was later demonstrated for the Aurora B substrate on chromatin,
Histone-H3 (pSer10) (Murnion et al. 2001; Hsu et al. 2000). Although this
explained why the chromatin-association of PP1 peaks during anaphase, when the
bulk of Histone H3 is rapidly dephosphorylated, it did not explain why inhibiting
PP1 caused a mitotic arrest much earlier in prometaphase. Furthermore, this mitotic
arrest was associated with unstable kinetochore-microtubule attachments and per-
sistent SAC activation, implying that the relevant PP1 substrates may reside at the
kinetochore (Sassoon et al. 1999; Bloecher and Tatchell 1999). PP1 was subse-
quently confirmed as a kinetochore-localised phosphatase that peaks during meta-
phase, when kinetochore substrates that regulate either microtubule attachment or
the SAC need to be dephosphorylated (Trinkle-Mulcahy et al. 2003, 2006;
Alvarez-Tabares et al. 2007; Liu et al. 2010). Not surprisingly, PP1 was soon
implicated in both of these processes.

The regulation of the SAC appears to be principally centred on the localised
recruitment of PP1 to KNL1, which is a hub for SAC signalling at the kinetochore
(Caldas and DeLuca 2014; Ghongane et al. 2014). PP1 associates with the
N-terminus of KNL1 via short linear motifs (SILK and RVSF) (Liu et al. 2010;
Rosenberg et al. 2011; Meadows et al. 2011; Espeut et al. 2012), which mediate the
targeting of PP1 to many different regulatory subunits (Meiselbach et al. 2006;
Hendrickx et al. 2009; Wakula et al. 2003; Egloff et al. 1997). This KNL1 inter-
action positions PP1 next to the MELT repeats, which are phosphorylated by MPS1
to establish SAC signalling at kinetochores (Yamagishi et al. 2012; London et al.
2012; Shepperd et al. 2012). This pool of PP1 is critical for dephosphorylating these
MELT repeats and silencing the SAC in many different species, including humans
(Pinsky et al. 2009; Rosenberg et al. 2011; Meadows et al. 2011; Espeut et al. 2012;
Vanoosthuyse and Hardwick 2009; Nijenhuis et al. 2014). Although this
KNL1-PP1 complex is the best validated PP1 complex at kinetochores, it is
important to note that PP1 does bind to other kinetochore proteins as well (Hafner
et al. 2014; Akiyoshi et al. 2009; Meadows et al. 2011; De Wever et al. 2014; Tang
and Toda 2015; Kim et al. 2010; Sivakumar et al. 2016), some of which have also
been implicated in SAC silencing (Meadows et al. 2011; Tang and Toda 2015;
Sivakumar et al. 2016). It is also important to point out however, that in human cells
at least, these other pools of PP1 cannot silence the SAC when MPS1 is inhibited in
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the absence of microtubules, because specific mutation of the RVSF motif in KNL1
abolishes SAC silencing under these conditions (Nijenhuis et al. 2014). However,
the fact that some of these alternative pools of PP1 are delivered to kinetochores by
microtubules suggests that they could aid in recruiting PP1 and silencing the SAC
following microtubule attachment.

These data demonstrate that PP1 antagonises MPS1 to shut down the SAC, but
does it also play a role in opposing Aurora B at the kinetochore? The early data in
yeast certainly implies that it does, because here PP1 balances Aurora B activity to
allow chromosome segregation (Francisco et al. 1994; Sassoon et al. 1999;
Bloecher and Tatchell 1999; Pinsky et al. 2006). In human cells, however, although
KNL1-PP1 does antagonise Aurora B at kinetochores, it only appears to do this
following biorientation of those kinetochores (i.e. upon alignment to the metaphase
plate) (Liu et al. 2010). Inhibiting KNL1-PP1 interaction destabilises established
kinetochore fibres at metaphase, but it does not cause obvious defects in chromo-
some alignment. This implies that the main role of KNL1-PP1 is to keep Aurora B
activity suppressed on kinetochores with bipolar (amphitelic) microtubule attach-
ments. Aurora B activity also needs to be counteracted earlier to allow initial
microtubule attachments to form. However, in human cells at least, this is the job of
a secondary phosphatase—protein phosphatase 2A-B56 (PP2A-B56).

PP2A-B56 localises to unattached kinetochores via its regulatory B56 subunit,
and siRNA-mediated depletion of all B56 isoforms causes a severe defect in
kinetochore-microtubule attachment (Foley et al. 2011). Although PP2A-B56 has a
well-established role in preserving cohesion at centromeres (Marston 2015), this
attachment phenotype was unrelated to premature sister chromatid splitting, perhaps
because siRNA-mediated depletion is unable to reduce total PP2A-B56 levels
below the threshold required to maintain cohesion. Instead, the phenotype of
PP2A-B56 depletion is associated with elevated kinetochore Aurora B activity, and
inhibition of Aurora B is sufficient to rescue kinetochore-microtubule attachments
(Foley et al. 2011). This was reminiscent of the phenotype seen following BUBR1
depletion (Lampson and Kapoor 2005), and subsequent work explained exactly
why PP2A-B56 and BUBR1 are functionally linked.

PP2A-B56 localises to kinetochores by binding directly to BUBR1 on its kine-
tochore attachment regulatory domain (KARD) (Suijkerbuijk et al. 2012; Kruse et al.
2013; Xu et al. 2013). This interaction is strengthened by CDK1- and PLK1-mediated
phosphorylation of the KARD, although recent structural and biochemical work
suggests that CDK1 phosphorylation is the most functionally important (Hertz et al.
2016; Wang et al. 2016). Inhibiting kinetochore-PP2A-B56 directly, by mutating or
deleting the KARD, elevates kinetochore Aurora B activity and disrupts
kinetochore-microtubule attachments, which can be rescued by inhibiting Aurora B
(Suijkerbuijk et al. 2012; Xu et al. 2013). The conclusion, therefore, is that PP2A-B56
is needed at kinetochores to suppress Aurora B activity and allow initial
kinetochores-microtubules attachments to form. Once these attachments have formed
correctly, PP2A-B56 is removed and PP1 is recruited,which could explainwhyPP1 is
important to continue inhibiting Aurora B at this time.
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These data therefore suggest that kinetochore PP1 and PP2A-B56 can be sep-
arated by time, if not by function. PP2A-B56 is needed to balance Aurora B activity
on kinetochores prior to their alignment, whereas PP1 takes over to switch off the
SAC and stabilise attachments after alignment. This handover is controlled by a
switch in the phosphorylation state of the relevant recruitment motifs. The SILK
and RVSF motifs in KNL1 are phosphorylated by Aurora B to inhibit PP1 binding
(Liu et al. 2010), whereas, as discussed before, the KARD domain in BUBR1 is
phosphorylated by CDK1/PLK1 to enhance PP2A-B56 interaction (Suijkerbuijk
et al. 2012; Kruse et al. 2013; Xu et al. 2013; Hertz et al. 2016; Wang et al. 2016).
Furthermore, BUBR1 itself is recruited to kinetochores by MPS1-dependent MELT
phosphorylation (Yamagishi et al. 2012; London et al. 2012; Shepperd et al. 2012).
Therefore, on unattached kinetochores, kinases help to elevate PP2A-B56 (MPS1,
PLK1 and CDK1) and inhibit PP1 (Aurora B). Following stable microtubule
attachment, however, many of these activities are lost, which removes
kinetochore-PP2A and increases PP1. As discussed previously, this rise in kine-
tochore PP1 could also be aided by the localised delivery of extra pools of PP1
down microtubules (Hafner et al. 2014; Meadows et al. 2011; De Wever et al. 2014;
Tang and Toda 2015; Kim et al. 2010; Sivakumar et al. 2016).

A final issue regarding phosphatase regulation, which is still relatively poorly
understood, is whether catalytic activity can be regulated directly. In this regard,
CDK1 activity may be particularly important. CDK1 phosphorylation has been
shown to inhibit PP1 isoforms directly (Yamano et al. 1994; Kwon et al. 1997; Wu
et al. 2009; Dohadwala et al. 1994; Grallert et al. 2015) and activate a kinetochore
inhibitor of PP2A-B56 (Porter et al. 2013). CDK1 specifically localises to unat-
tached kinetochores (Chen et al. 2008), therefore its removal upon microtubule
attachment could contribute to the activation of kinetochore phosphatases at this
time. It will be important in future to determine whether CDK1 activity is regulated
at kinetochores and, if so, whether this impacts on localised phosphatase activation.

5 Signalling Cross-Talk at Kinetochores

5.1 Feedback Between Kinases

So far, we have presented two linear pathways to explain how the SAC is activated
by MPS1 and how kinetochore-microtubule attachments are regulated by Aurora B.
MPS1 phosphorylates KNL1 to recruit, directly or indirectly, all SAC components
to the kinetochore. Aurora B phosphorylates outer kinetochore proteins to desta-
bilise microtubule attachments. This explains why the SAC is particularly sensitive
to MPS1 inhibition, whereas chromosomal alignment is particularly sensitive to
Aurora B inhibition. This is an over-simplified picture, however, and there is
considerable evidence of cross-talk between these two pathways. MPS1 knock-
down or inhibition causes delays in chromosome alignment, which are associated
with defective kinetochore-microtubule attachments (Jelluma et al. 2008;
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Kwiatkowski et al. 2010; Maciejowski et al. 2010; Maure et al. 2007; Santaguida
et al. 2010; Sliedrecht et al. 2010). Aurora B knockdown or inhibition causes
defects in the SAC, even in the absence of microtubules, which suggests that
Aurora B can activate the SAC directly (Maldonado and Kapoor 2011; Vader et al.
2007; Saurin et al. 2011; Santaguida et al. 2011). It is important to note that these
phenotypes are considerably milder than those observed following inhibition of the
bona fide upstream kinase. For example, Aurora B inhibition only sensitises the
SAC (Saurin et al. 2011; Santaguida et al. 2011), whereas MPS1 inhibition over-
rides it completely (Hewitt et al. 2010; Kwiatkowski et al. 2010; Maciejowski et al.
2010; Santaguida et al. 2010; Sliedrecht et al. 2010). MPS1 inhibition only delays
chromosome alignment (Hewitt et al. 2010), whereas Aurora B inhibition abolishes
it completely (Ditchfield et al. 2003; Hauf et al. 2003). The obvious conclusion,
therefore, is that MPS1 and Aurora B principally regulate the SAC and microtubule
attachments, respectively, but they also have secondary effects that impinge on each
other’s pathways. What then, could be the molecular basis for this cross-talk?

As discussed previously, the localisation of Aurora B and MPS1 to centromeres
and kinetochores is required for their initial activation during mitosis. Aurora B
activity is needed to recruit MPS1 to kinetochores, and inhibiting Aurora B causes
delays in activating MPS1 and establishing the SAC (Jelluma et al. 2010; Saurin
et al. 2011; Santaguida et al. 2011). Similarly, MPS1 activity is needed to recruit
Aurora B to centromeres, and MPS1 inhibition delays Aurora B activation and
induces defects in kinetochore-microtubule attachment (van der Waal et al. 2012).
Therefore, both kinases function in a positive feedback loop that contributes to their
switch-like activation upon mitotic entry (Fig. 3a). This feedback also underlies
much of the cross-talk between these two pathways, because uncoupling the
feedback also uncouples the cross-talk. For example, recovering MPS1 at kineto-
chores (using a MIS12 fusion) bypasses any requirement for Aurora B activity in
MPS1 activation and the SAC (Jelluma et al. 2010; Saurin et al. 2011). Conversely,
recovering Aurora B at centromeres (using a CENPB-INCENP fusion) rescues most
of the chromosome alignment defects seen following MPS1 inhibition (van der
Waal et al. 2012).

These data suggest that the primary function of Aurora B in the SAC is to
localise MPS1 to kinetochores, or alternatively, if Aurora B has additional func-
tions, then these can be bypassed by artificial MPS1 recruitment (as discussed
later). Furthermore, defective kinetochore-microtubule attachment upon MPS1
inhibition can be at least partially explained by the mislocalisation of Aurora B.
There may well be additional effects of MPS1 inhibition, because restoring
Aurora B to centromeres causes an incomplete, albeit substantial, rescue in chro-
mosome alignment (van der Waal et al. 2012). This could reflect abnormal levels or
turnover of Aurora B at CENP-B (i.e. Aurora B is rescued at centromeres but not to
the exact wild type situation). Alternatively, MPS1 could have additional effects
that are either independent of Aurora B activity (Maure et al. 2007; Espeut et al.
2008; Storchova et al. 2011) or Aurora B localisation (Bourhis et al. 2009; Jelluma
et al. 2008). These additional effects may become more dominant when MPS1 is
inhibited after mitotic entry, because this has minimal impact on Aurora B
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localisation (van der Waal et al. 2012), but still causes significant defects in
kinetochore-microtubule attachment (Sliedrecht et al. 2010; Hewitt et al. 2010).

5.2 Feedback Between Phosphatases

The kinetochore recruitment of PP1 and PP2A-B56 is regulated by multiple kinases:
phosphorylation enhances kinetochore-PP2A-B56 and decreases kinetochore-PP1,
therefore, by inference, dephosphorylation must decrease PP2A-B56 and increase
PP1. This regulation is also critically dependent on cross-talk. PP1

MPS1 AurBSpindle Assembly 
Checkpoint

Kinetochore-Microtubule 
Attachment

NDC80 Phosphorylation ?

Sgo localization

PP1 B56
PP2A

Spindle Assembly 
Checkpoint

Kinetochore-Microtubule 
Attachment

MELT/KARD 
dephosphorylation

SILK/RVSF
dephosphorylation

MPS1 AurBSpindle Assembly 
Checkpoint

Kinetochore-Microtubule 
Attachment

B56
PP2A

PP1

?

MELT 
phosphorylation

SILK/RVSF
phosphorylation

(a) Kinase Feedback

(b) Phosphatase Feedback

(c) Kinase-Phosphatase Crosstalk

Fig. 3 Cross-talk between kinases and phosphatases at the kinetochore a A positive feedback
loop that controls MPS1 and Aurora B localisation b A negative feedback loop that controls PP1
and PP2A-B56 localisation c Cross-talk between both kinases and both phosphatases at the
kinetochore See text for full details of this cross-talk
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dephosphorylates the KNL1-MELT and BUBR1-KARD motifs to decrease
PP2A-B56, whereas PP2A-B56 dephosphorylates the KNL1-SILK and RVSF
motifs to increase PP1 (Fig. 3b) (Nijenhuis et al. 2014). Therefore, both phos-
phatases are engaged in a negative feedback loop that regulates their own locali-
sation to kinetochores. It is therefore important to be cautious when interpreting
results following direct phosphatase inhibition, because inhibiting kinetochore
PP2A-B56 also inhibits KNL1-PP1, whereas inhibiting KNL1-PP1 increases
kinetochore PP2A-B56. Therefore, to untangle direct from indirect effects, it is
important to compare the effects of inhibiting both phosphatases individually. This
is best illustrated using the example of SAC regulation in human cells.

As discussed earlier, PP1 is well known to silence the SAC in many different
species, from yeast to worms (Pinsky et al. 2009; Rosenberg et al. 2011; Meadows
et al. 2011; Espeut et al. 2012; Vanoosthuyse and Hardwick 2009). Therefore, the
discovery that PP2A-B56 is essential for SAC silencing in humans, on the fact of it,
appears surprising (Espert et al. 2014; Nijenhuis et al. 2014). However, a close
comparison of mutants that interfere with either kinetochore PP2A-B56 or
KNL1-PP1 demonstrated that both phosphatase complexes are essential (Nijenhuis
et al. 2014). In fact, the phenotypes are identical, except for one crucial difference: in
both scenarios KNL1-PP1 is lost, but when targeting KNL1-PP1 directly, kineto-
chore PP2A-B56 is actually increased (due to the feedback, see Fig. 3b). Therefore,
this PP2A-B56 pool cannot silence the SAC, which confirms that KNL1-PP1 is the
direct SAC phosphatase in human cells, as it is in lower eukaryotes. PP2A-B56 is
only essential to antagonise Aurora B and recruit PP1, because if Aurora B is
inhibited then PP2A-B56 is no longer required (Nijenhuis et al. 2014).

In summary, the fact that these two phosphatases control each other’s localisa-
tion to kinetochores makes it very difficult to tease apart their individual effects. It is
particularly important to test carefully whether the effects of PP2A-B56 loss occurs
directly, or indirectly, via PP1. Considering that PP1 and PP2A-B56 have both been
shown to balance Aurora B and regulate kinetochore-microtubule attachments, it
will be important to address the possible role of cross-talk here as well.

Finally, the phosphatase cross-talk discussed so far is based entirely on locali-
sation, even though, as mentioned previously, both phosphatases can be inhibited
directly by phosphorylation. It is possible therefore, that they could also reverse
these phosphorylations and activate each other directly. In this regard, the recent
discovery that PP1Dis2 and B56Par1 are reactivated sequentially upon mitotic exit in
fission yeast is particularly interesting (Grallert et al. 2015). In this situation,
PP1Dis2 is able to auto-activate and then activate B56Par1, both via dephosphory-
lation. It is hard to reconcile these findings with the fact that both of these enzymes
need to be active much earlier in mitosis to function at kinetochores. One possible
explanation is that they are globally inhibited by phosphorylation, but then locally
reactivated exactly when and where they are needed. In this scenario, kinetochore
clustering may elevate phosphatase activity enough to permit localised phosphatase
reactivation when required. It will be important in the future to determine whether
these phosphatases are indeed inhibited directly during mitosis, and if so, whether
they are reactivated in specific locations via cross-talk.
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5.3 Kinase-Phosphatase Cross-Talk

Having discussed the feedback between pairs of kinases or phosphatases, we would
like to now finish by highlighting the cross-talk that exists between all four of these
enzymes. In particular, we would like to discuss how kinases could mediated their
effects via the phosphatases (Fig. 3c). This is important because it is very easy to
adopt a kinase-centric view of signalling, even though phosphatase activity could
be equally important. To highlight this point, let us now consider the role of
Aurora B in SAC signalling.

As discussed previously, Aurora B activity is required to localise MPS1 to
kinetochores and establish the SAC (Jelluma et al. 2010; Saurin et al. 2011;
Santaguida et al. 2011). Although the molecular mechanism is still unclear,
Aurora B is thought to control kinetochore MPS1 by phosphorylating either
NDC80, MPS1, or some other protein required for MPS1-NDC80 interaction.
Aurora B is well known to inhibit the phosphatase that antagonises MPS1 and the
SAC (KNL1-PP1) (Liu et al. 2010), therefore the input of Aurora B could be
wholly, or at least partially, explained by the inhibition of this phosphatase complex
(Fig. 3c). KNL1-PP1 antagonises MPS1 at the level of MELT phosphorylation, and
it may also inhibit MPS1 localisation and/or activity directly. Rescuing MPS1
localisation to kinetochores (with a MIS12-fusion), which bypasses any require-
ment for Aurora B in the SAC (Saurin et al. 2011), could also potentially rescue all
these phosphatase-mediated effects (especially if kinetochore-MPS1 levels are
artificially high). It will therefore be important in future to determine just how much
of Aurora B’s input into the SAC is mediated via KNL1-PP1.

It is important to also consider whether the effects of MPS1 inhibition could also
be mediated, at least in part, via the phosphatases. MPS1 activity enhances the
kinetochore localisation of PP2A-B56, via MELT phosphorylation, which can
inhibit Aurora B substrates (Suijkerbuijk et al. 2012; Kruse et al. 2013; Xu et al.
2013) and Aurora B directly (Meppelink et al. 2015) (Fig. 3c). MPS1 also localises
the acetyltransferase TIP60 to kinetochores, which is able to acetylate Aurora B and
protect it from PP2A-mediated inactivation (Mo et al. 2016). It is therefore difficult
to predict how MPS1 inhibition may impact on the PP2A-B56/Aurora B balance at
kinetochores, but this is important to test because this balance is critical for regu-
lating kinetochore-microtubule attachments.

5.4 Cross-Talk with Other Kinases

Finally, we have deliberately focussed this chapter on the principle kinases that
regulate the SAC or microtubule attachment, simply to avoid confusion. Other
kinases, however, are certainly important. PLK1 activity, for example, is needed to
regulate the SAC (von Schubert et al. 2015; O’Connor et al. 2015) and
kinetochore-microtubule attachments (Sumara et al. 2004; Hanisch et al. 2006b;
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Peters et al. 2006; Lenart et al. 2007; Liu et al. 2012). It is also regulated by
cross-talk with all four of the enzymes discussed above. PLK1 can phosphorylate
MPS1 substrates directly (von Schubert et al. 2015; Espeut et al. 2015), MPS1 itself
to inhibit kinetochore localisation (von Schubert et al. 2015), the KNL1-MELT and
BUBR1-KARD motifs to recruit PP2A-B56 (Suijkerbuijk et al. 2012; Kruse et al.
2013; Xu et al. 2013; von Schubert et al. 2015), and the PP1 regulator SDS22 to
inhibit the dephosphorylation and inactivation of Aurora B (Duan et al. 2016).
Furthermore, PLK1 is itself activated and recruited to kinetochores by Aurora B
(Shao et al. 2015; O’Connor et al. 2015; Carmena et al. 2012a) and inhibited and
delocalised by PP2A-B56 (Foley et al. 2011). It will clearly be important in future
to integrate PLK1 signalling into the complex network of other signals highlighted
above.

6 Summary

We have learnt a great deal over the past few decades about how chromosome
segregation is regulated. A key aspect of that concerns the kinetochore and, in
particular, how this integrates the wide variety of signals needed to safeguard the
microtubule attachment process. We now understand most of the enzymes that
generate these signals, how these enzymes are regulated, and how they sense and
transmit information to the chromosome segregation machinery. Perhaps all that
remains is to learn how all this information is integrated together in a way that
ensures chromosome segregation can proceed accurately and reliably. This “final
frontier”, however, may turn out to be the most challenging of all.

It is becoming increasingly clear that the more we learn about the connections
between these signals the more confusing the situation becomes. The four main
regulators highlighted here are embedded in a network that is, quite literally,
entangled in cross-talk. It is hard for us to predict, even now, why all this cross-talk
exists, so how will it feel when new connections are identified or, worse still, when
new signals are integrated. The short section on PLK1 may provide a glimpse of the
answer.

So, how will we rise to this challenge and what will it take to make the next big
step? In the words of the late, great Richard Feynman: “What I cannot create, I do
not understand.” Or to put this another way, reductionist biology will only take us
so far. Building the kinetochore may seem like a mammoth task, but there has been
some remarkable recent progress in this area (Pesenti et al. 2016; Weir et al. 2016).
There is also the alternative, but equally valid, approach of purifying kinetochores
that could then be stripped of their regulatory components (Gonen et al. 2012;
Akiyoshi et al. 2010). Reconstituting these in vitro systems with a defined set of
enzymes would allow us to “create” the signalling network from scratch. If this
could be allied with computational approaches to help us comprehend the
systems-level behaviour in vitro, and then predict the behaviour in vivo, perhaps we
will then be in a position to claim that we truly “understand”.
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Centromeric Cohesin: Molecular Glue
and Much More

Mihailo Mirkovic and Raquel A. Oliveira

Abstract Sister chromatid cohesion, mediated by the cohesin complex, is a pre-
requisite for faithful chromosome segregation during mitosis. Premature release of
sister chromatid cohesion leads to random segregation of the genetic material and
consequent aneuploidy. Multiple regulatory mechanisms ensure proper timing for
cohesion establishment, concomitant with DNA replication, and cohesion release
during the subsequent mitosis. Here we summarize the most important phases of the
cohesin cycle and the coordination of cohesion release with the progression through
mitosis. We further discuss recent evidence that has revealed additional functions
for centromeric localization of cohesin in the fidelity of mitosis in metazoans.
Beyond its well-established role as “molecular glue”, centromeric cohesin com-
plexes are now emerging as a scaffold for multiple fundamental processes during
mitosis, including the formation of correct chromosome and kinetochore architec-
ture, force balance with the mitotic spindle, and the association with key molecules
that regulate mitotic fidelity, particularly at the chromosomal inner centromere.
Centromeric chromatin may be thus seen as a dynamic place where cohesin ensures
mitotic fidelity by multiple means.

1 The Importance of Gluing DNA Molecules

Mitosis is one of the most dynamic periods in the life of the cell. In a short period of
time, the cell condenses its DNA into discrete chromosomes, aligns them on the
metaphase plane, and finally, destroys the forces that hold equal-DNA molecules
together, creating two identical daughter nuclei in the process. The fidelity of this
process relies on cells’ ability to keep the two identical sister chromatids together
from the moment of DNA replication until the later stages of mitosis, once (and
only when) the conditions for their separation are met.
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Sister chromatid cohesion provides cells with the ability to determine chromo-
some identity, as cohesed sister chromatids are identical and therefore need to be
pulled to opposite poles. Moreover, sister chromatid cohesion provides the coun-
terforce that resist the pulling force of the spindle, thus preventing premature sister
chromatid separation (Oliveira et al. 2010; Tanaka et al. 2000), and random
chromosome segregation. Cohesin is also essential for the correct geometry of the
kinetochore region which promotes effective, stable capture of the kinetochores by
the mitotic spindle, leading to the biorientation of chromosomes during metaphase
(Ng et al. 2009; Sakuno et al. 2009; Stephens et al. 2013).

Therefore, to align chromosomes at the metaphase plane and segregate them
symmetrically, chromosomal cohesive state must be maintained until anaphase at
all cost. Premature separation of chromosomes renders the cell unable to align
chromosomes correctly, causing random segregation of the genetic material and

Fig. 1 Sister chromatid cohesion during mitosis. Cohesin is essential for biorientation of
chromosomes on the metaphase plane and the symmetry of subsequent anaphase. Defects in sister
chromatid cohesion result in premature separation of sister chromatids, resulting in random
chromosome segregation and aneuploidy
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consequent aneuploidy (Fig. 1), which is usually lethal and a common cause of
human pathological conditions (Box 1).

Box 1—Sister chromatid cohesion defects and human disease
Proteins involved in keeping the two sister DNAs together have been linked
to several human-health and reproduction conditions. Defects in cohesion and
mechanisms regulating cohesin are common amongst cancer cells (De
Koninck and Losada 2016; Losada 2014). Cancer cells display Chromosomal
Instability (CIN) characterized by frequent gain or loss of chromosomes
(Holland and Cleveland 2009). CIN enhances the speed at which the cancer
cells can evolve, by gaining or losing whole chromosomes, making them
highly adaptable to any possible treatment. Interestingly, recent studies have
been able to reverse the CIN of multiple cancer-derived cells lines by rein-
stating the network associated with protection of cohesion (Tanno et al.
2015).

Age-related female infertility has also been proposed to relate with
cohesion decay in aged oocytes, giving rise to genetic abnormalities such as
Down’s syndrome (Reviewed in Webster and Schuh 2016). “Cohesion fati-
gue”, evidenced by decreased levels of cohesion is followed by segregation
defects and decreased fertility in oocytes (Patel et al. 2015; Zielinska et al.
2015). It is currently thought that the meiotic cohesin variant is loaded into an
oocyte only during the germ-line development (pre-meiotic S phase) without
significant turnover (Burkhardt et al. 2016; Tachibana-Konwalski et al.
2013). This would mean that oocytes solely rely on cohesion established
during their creation, and maintain it throughout the entire reproductive life
cycle of the female, which lasts for decades in humans. Studies in human
oocytes have revealed an increased distance between bivalents in meiosis of
older females, leading to aberrant kinetochore attachments and segregation
errors (Patel et al. 2015; Zielinska et al. 2015).

Other rare developmental disorders have also been linked to the cohesion
process and are now known as “Cohesinopathies” (reviewed in references
Dorsett 2007; Liu and Krantz 2008; Remeseiro et al. 2013). Most of these
diseases are linked to the non-mitotic roles of the cohesion apparatus (e.g.
regulation of transcription and genome architecture). However, a certain
number of Cohesinopathies, such as the Roberts or Warsaw breakage syn-
dromes exhibit cohesion defects between replicated chromatids during
mitosis, resulting in aneuploidy and mitotic defects (Tomkins et al. 1979; van
der Lelij et al. 2010).

In order to understand how defects in chromosome cohesion take place, it is
fundamental to understand the molecular structure of the cohesin complex, as well
as the principle mechanisms underlying its loading, establishment, and release
during the cell cycle. Here we summarize our current knowledge on the regulation
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of sister chromatid cohesion. We further highlight the importance of such dynamic
regulation for the efficiency of mitosis, in mechanisms that go far beyond cohesin’s
primary role in sister chromatid cohesion.

2 Cohesin: The Molecular Glue that Holds Chromosomes
Together

The protein complex responsible for the pairing of replicated chromosomes is called
cohesin (Guacci et al. 1997; Michaelis et al. 1997) (Fig. 2). Cohesin is a tripartite
ring complex, which topologically entraps replicated DNA molecules keeping them
together until the onset of anaphase (Haering et al. 2008; Ivanov and Nasmyth 2005).
The core of this ring complex is composed out of three molecules: SMC 1 and SMC
3 (belonging to the Structural Maintenance of Chromosomes protein family) and the
kleisin subunit Rad21/Scc1, which connects them (Nasmyth and Haering 2009;
Peters et al. 2008) (Fig. 2). Additional proteins directly associate with the cohesin
complex (Scc3/SA, Pds5, WAPL, Sororin) and are thought to have critical roles in
cohesin dynamics, and consequently mitotic fidelity (summarized in Box 2).

Box 2—Cohesin and its regulators
See Fig. 3 and Table 1.

The most popular, and soundly tested cohesin model postulates that cohesin
keeps sister chromatids together by entrapping sister DNA fibers within the same
cohesin ring (Haering et al. 2008). EM-studies support that cohesin rings are about
40 nm in diameter (Haering et al. 2002) thus providing sufficient space for
enclosing two 11 nm chromatin fibers. Other models have been proposed, such as
the “handcuff” model, in which cohesion is mediated by two interlinked cohesin
complexes, each entrapping its own DNA fiber (Diaz-Martinez et al. 2008; Guacci
2007). In either case, solid evidence supports that cohesin’s interaction with DNA is
of a topological nature (Haering et al. 2008; Ivanov and Nasmyth 2005),

Fig. 2 The cohesin complex. Cohesin complex forms a ring-shaped molecule that topologically
embraces sister DNA molecules inside its ring
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emphasizing that regulation of cohesin binding and function relies on the opening
and closing the interphases between the core components (discussed below).

Besides its role in sister chromatid cohesion, cohesin also regulates transcription,
contributes to the DNA repair mechanisms, and participates in the organization of
the genome in mitotic and post-mitotic tissues (Reviewed in Nasmyth and Haering
2009; Peters et al. 2008).

The distribution and presence of cohesin on chromatin during the cell cycle
coincides with its multiple roles (Fig. 4). Cohesin is loaded onto chromatin during
G1 phase in budding yeast (Guacci et al. 1997), and already in telophase in ver-
tebrates (Losada et al. 1998). Fluorescence Recovery After Photobleaching (FRAP)
studies have shown that during G1 phase cohesin is dynamically interacting with
the DNA (Gerlich et al. 2006). Similar dynamics was observed in cells that are not
undergoing mitotic divisions, for example endocycling Drosophila melanogaster
salivary glands (Eichinger et al. 2013). This highly dynamic nature of cohesin–
DNA interaction in non-dividing or non-replicated cells is believed to relate to
cohesin’s role in transcription regulation and interphase genome architecture.

Following the onset of S phase, a fraction of cohesin molecules establishes
cohesion between newly replicated sister chromatids. Specific changes on the

Fig. 3 Cohesin and associated molecules. The cohesin complex and the different associated
molecules that modulate cohesin’s function. Molecules are color-coded according to their
influence on the stability of cohesin’s association with chromatin (molecules that promote
cohesion are in green; cohesion antagonists in red and proteins with dual effect in orange)
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cohesin complex (discussed in Sect. 3.2) ensure the post-replicative stabilization of
cohesin–DNA interaction concomitantly or right after replication fork passage. This
cohesive state is then maintained until the subsequent mitosis.

Table 1 Cohesin and its regulators

Name Function Mode of operation

SMC1 Structural/ATP binding and
hydrolysis

Part of the ring; interacts with
SMC3 through the hinge and the
a-kleisin through the ATPase
heads; binds and hydrolysis ATP

SMC3 Structural/ATP binding and
hydrolysis

Part of the ring; interacts with
SMC1 through the hinge and the
a-kleisin through its coiled-coil;
binds and hydrolysis ATP

a-kleisin/Rad21/Scc1 Structural/scaffold Closes the ring by bridging the
heads of SMC1/3; serves as a
scaffold to other regulatory proteins

Pds5 Structural/scaffold Connects the ring with various
other molecules: (e.g. Sororin and
WAPL)

SA/Scc3 Structural/scaffold Essential for the ring structure;
phosphorylated by Plk1 during
prophase pathway

Scc2/NIPB/NIPBL Loading Required for cohesin loading;
possibly opens SMC1/3 hinges

Scc4/Mau-2 Loading Required for cohesin loading;
possibly opens SMC1/3 hinges

Eco1/ESCO1 Establishment Acetylates SMC3 heads, promoting
sororin recruitment

WAPL Removal Interacts with Pds5 and disrupts the
SMC3/kleisin interface, opening
the ring

Sororin Protection Blocks WAPL interaction with
Pds5

Cdk1/CycB Removal/protection/cleavage
inhibitor

Removes sororin; promotes
shugoshin localization; inhibits
separase

Aurora B Removal/protection Removes sororin; promotes
shugoshin localization

Plk1 Removal/cleavage Promotes cohesin release through
SA phosphorylation; enhances
Rad21/Scc1 cleavage by separase

Shugoshin Protection Recruits PP2A to the cohesin
complex

PP2A Protection Dephosphorylates sororin

Securin Cleavage inhibitor Inhibits separase activation

Separase Cleavage Cleaves the Rad21/Scc1 subunit
and opens the ring

490 M. Mirkovic and R.A. Oliveira



In early mitosis, the majority of the cohesin complexes are released from chro-
mosome arms. By the time cells reach metaphase, cohesion is solely maintained by
a small pool of cohesin molecules retained at the centromeric and pericentromeric
regions (Losada et al. 1998; Waizenegger et al. 2000; Warren et al. 2000), pro-
viding chromosome their characteristic “X-shape”.

At the onset of anaphase, remaining centromeric cohesin is destroyed in a rapid and
acute manner by a cysteine protease named separase, allowing the separation of sister
chromatids by the spindle (Uhlmann et al. 1999). Separase cleaves the kleisin subunit
Rad21/Scc1, releasing sister chromatids from topological entrapment. The destruction
of cohesin during anaphase marks the point of no return for the mitotic cell: once
cohesin is cleaved, separation of the chromatids is rapid and irreversible. Consequently,
release of cohesin from mitotic chromosomes is a highly regulated affair.

The key surveillance mechanism governing cohesin release is the Spindle
Assembly Checkpoint (SAC) (Reviewed in Musacchio and Salmon 2007).
The SAC regulates cohesin cleavage by delaying the onset of anaphase until all the
chromosomes are bioriented on the metaphase plane, with sister chromatids cor-
rectly oriented towards the opposite poles by the spindle (biorientation). SAC
mediates this delay by directly inhibiting the Anaphase Promoting
Complex/Cyclosome (APC/C), whose activity is needed for anaphase events.
APC/C mediates cohesin cleavage through indirect activation of separase, the
protease responsible for proteolytic opening of the cohesin ring.

Loss of cohesin or its regulators in virtually all organisms results in premature
separation of sister chromatids (Guacci et al. 1997; Losada et al. 1998; Michaelis
et al. 1997; Mirkovic et al. 2015; Sumara et al. 2000; Vagnarelli et al. 2004),

Fig. 4 Overview of the cohesin cycle. Cohesin is loaded in telophase or G1, and is dynamically
associated with chromatin. Upon replication, cohesion is established, connecting two replicated
strands. Non-centromeric cohesin is removed from chromosome arms during prophase in
metazoans, resulting in X-shaped chromosomes in metaphase. Finally, cohesin is cleaved during
anaphase, allowing for the separation of sister chromatids
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arguing that cohesin is the most significant force that counteracts spindle forces.
Nevertheless, it is conceivable that other forces may additionally play a role in
chromosome cohesion. In particular, DNA–DNA intertwines (catenation) have long
been argued to contribute to cohesion during mitosis (Reviewed in Diaz-Martinez
et al. 2008; Guacci 2007; Liu et al. 2009b). Due to the helical nature of the DNA
molecule, the replication fork passage creates tangles between replicated DNA
molecules. These catenations need to be resolved before the onset of anaphase;
otherwise, the entanglements will cause chromosome bridges and breakages in the
DNA molecule. Topoisomerase II is the molecule responsible for decatenation of
these linkages and inhibition of this enzyme leads to accumulation of catenations,
which are sufficient to confer cohesion even in the absence of cohesin proteins
(Toyoda and Yanagida 2006; Vagnarelli et al. 2004).

How much residual catenation contributes to cohesion during normal mitosis is a
matter of debate. Although residual catenation has been observed even in anaphase
segregating chromatids (Baumann et al. 2007), inhibition of topoisomerase II
specifically during metaphase has only a small effect on the efficiency of chro-
mosome segregation (Oliveira et al. 2010). This suggests that residual catenation
may contribute to chromosome cohesion; yet, it is insufficient to resist the drastic
spindle forces affecting chromosomes during mitosis. More importantly, unlike
cohesin’s destruction, which requires SAC silencing and APC/C activation, there is
little to no evidence that removal of residual catenation is delayed by cell cycle
progression checkpoints which control mitosis. SUMOylation of topoisomerase II
has been proposed to restrict centromeric decatenation during mitosis (Bachant
et al., 2002; Dawlaty et al. 2008; Ryu et al. 2010), but there is no evidence that this
reaction is under surveillance of the SAC.

Thus, regulation of the cohesive state of chromosomes is mechanistically linked
to the control of cohesin’s association with chromatin throughout the cell cycle,
which will be discussed below.

3 The Cohesin Cycle

3.1 The Cohesin Cycle I: Chromatin Loading

Cohesin loading onto chromatin is dependent on a two-protein complex known as
Scc2/4, also known as NIPBL/MAU-2 (Ocampo-Hafalla and Uhlmann 2011)
(Fig. 5). The Scc2/Scc4 loading complex is essential for sister chromatid cohesion
during G1/S phase, but not during G2 (Ciosk et al. 2000; Uhlmann and Nasmyth
1998). This would entail that the Scc2/Scc4 has a primary function of loading
cohesin onto the chromatin, but not in its stabilization or maintenance. Given the
ring-like architecture of cohesin, its loading onto chromatin requires opening of the
ring. Elegant experiments with fusion of interfaces between different cohesin
components support that the entry gate for cohesin loading resides at the inter-
face of the SMC1 and SMC3 hinge domains, in an ATP-dependent process
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(Arumugam et al. 2003; Gruber et al. 2006; Weitzer et al. 2003). Nevertheless, the
molecular mechanism by which Scc2/4 promote cohesin’s loading remains
unknown.

Sites of cohesin loading do not necessarily coincide with cohesin’s accumulation
sites. This is mostly due to the fact that once loaded, cohesin complexes can slide
on the DNA molecule (Hu et al. 2011; Lengronne et al. 2004; Ocampo-Hafalla et al.
2016; Stigler et al. 2016). Additionally, before DNA replication, the cohesin
molecules display a highly dynamic association with DNA (Gerlich et al. 2006).
Dissociation of cohesin from un-replicated DNA molecules is mediated by
Wings-apart like protein (WAPL) (Gandhi et al. 2006; Kueng et al. 2006; Verni
et al. 2000). Upon binding to the cohesin complex, WAPL removes cohesin from
chromatin by disrupting the interface between SMC3 and Rad21/Scc1 subunits
(Buheitel and Stemmann 2013; Eichinger et al. 2013).

Cohesin loading is not a uniform event across the chromatin landscape and is
found to be enriched at the centromeric/pericentromeric regions in most species
studied so far (Blat and Kleckner 1999; Glynn et al. 2004; Hahn et al. 2013;
Oliveira et al. 2014). Studies in budding yeast support that cohesin enrichment at
the centromere is dependent on centromeric DNA sequences as well as proteins
involved in kinetochore assembly (Megee and Koshland 1999; Tanaka et al. 1999;
Weber et al. 2004). However, species with longer centromeric sequences, such as
fission yeast, rely on heterochromatin rather than centromeric sequences for cohesin
enrichment (Bernard et al. 2001; Nonaka et al. 2002). In accordance, recent studies
in D. melanogaster showed that cohesin enrichment at ectopic regions of peri-
centromeric heterochromatin occurs in the absence of a proximal centromere, most
likely due to preferential binding of the cohesin loading factor Scc2/Nipped B
(Oliveira et al. 2014). The preferential activity of Nipped B at the centromeric
region is thought to be due to the specific state of pericentromeric heterochromatin,
mainly H4K20 and H3K9 methylations and the presence of HP1 protein, tough
clear links have been controversial (Hahn et al. 2013; Koch et al. 2008; Oliveira
et al. 2014).

Fig. 5 Cohesin loading and turnover. Cohesin loading onto DNA depends on the Scc2/4
complex. DNA loading involves opening of the SMC1/3 interface, the hinge. Before replication,
this interaction is dynamic, as loaded cohesin can be destabilized by WAPL, which opens the
SMC3/Kleisin interface and releases cohesin from the chromatin
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3.2 The Cohesin Cycle II: Cohesion Establishment

Cohesin establishment occurs during replication, at the time the newly replicated
DNA molecule is being formed. Disruption of cohesin loading during G1 results in
sister chromatid defects, while disruption during G2 does not. This means that the
“effective” cohesion is established during S phase, during DNA replication
(Uhlmann and Nasmyth 1998). At the onset of replication, the dynamic properties
of cohesin turnover change and a new pool of stable, “cohesive” cohesin can be
identified by FRAP (Gerlich et al. 2006).

Stabilization of cohesin complexes upon replication depends on the Eco1 acetyl
transferase (Skibbens et al. 1999; Toth et al. 1999) (Fig. 6). This enzyme acetylates
cohesin associated with replicated DNA at specific lysine residues on SMC3 and
failure to acetylate leads to cohesion defects and cell death. The mechanism by which
SMC3 lysine acetylation prevents cohesin de-association once it is bound to chro-
matin is contentious (reviewed in Rudra and Skibbens 2013). Some studies propose
models in which the acetylation locks the SMC3/kleisin interface, effectively closing
the ring; however, these findings are inconsistent with the fact that SMC3 can be
acetylated before replication (Rudra and Skibbens 2013). SMC3 acetylation during
the S phase has also been shown to confer cohesin protection by aiding the recruitment
of Sororin, which favors cohesion establishment by protecting acetylated cohesin
complexes from WAPL-mediated removal (Nishiyama et al. 2010).

These stably associated cohesin molecules [*30% of total nuclear cohesin
(Gerlich et al. 2006)] are responsible for sustaining cohesion from the time of DNA
replication until the subsequent mitosis.

3.3 The Cohesin Cycle III: Cohesin’s Prophase Release
and Retention at the Centromere

Once the cell enters mitosis, profound changes in the distribution of cohesin begin to
take place. Cohesin at the chromosome arms is removedwhile centromeric cohesion is
retained (Losada et al. 1998;Waizenegger et al. 2000;Warren et al. 2000). The loss of

Fig. 6 Cohesion establishment during S phase. Upon DNA replication, a fraction of cohesin
becomes stable on the chromatin. This happens due to SMC3 acetylation by Eco1 and recruitment
of Sororin, protecting the cohesin complex from WAPL removal. This stable fraction of cohesin is
considered “cohesive” cohesin, stably binding sister chromatids until the end of mitosis
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arm cohesion, coupled with centromeric retention gives the characteristic “X” shape
to themetaphase chromosomes. The removal of cohesin from the arms in earlymitosis
is a consequence of the “prophase pathway” which mainly relies on action of WAPL
protein (Gandhi et al. 2006; Kueng et al. 2006).

WAPL imposes opening of the cohesin ring by disrupting the interface between
SMC3 and Rad21/Scc1 subunits (Buheitel and Stemmann 2013; Eichinger et al.
2013) (Fig. 7). Consequently, WAPL mutations or knockdown leads to the loss of
the characteristic X shape of chromosomes, with cohesin remaining all over
chromosome arms (Gandhi et al. 2006; Haarhuis et al. 2013; Kueng et al. 2006).

Several mitotic kinases contribute to the process of cohesin removal, by phos-
phorylating key proteins involved in the cohesin cycle. Aurora B and
Cyclin-Dependent Kinase 1 (Cdk1) were shown to antagonize Sororin by phos-
phorylation, resulting in its dissociation from chromosome arms during prophase
(Dreier et al. 2011; Nishiyama et al. 2013). WAPL and Sororin directly compete for
the binding to the cohesin-associated protein Pds5 (Nishiyama et al. 2010). The
removal of Sororin from chromosome arms during prophase favors WAPL binding,
and consequently the removal of cohesin complexes from chromosome arms. In
addition to antagonizing Sororin, Aurora B seems to participate in WAPL activa-
tion, thus directly promoting cohesin removal (Nishiyama et al. 2013). Polo-Like
kinase (Plk) is another key mitotic kinase participating in the cohesin cycle. The
phosphorylation activity of Plk1 is crucial for the release of cohesin during the
prophase pathway by phosphorylation of SA (Hauf et al. 2005; Lenart et al. 2007;
Sumara et al. 2002). The net result of these changes in the cohesin complex results
in the removal of most of cohesin from chromosome arms but not from the
centromeric region.

Fig. 7 Cohesin release during early mitosis and centromeric protection. In metazoans, cohesin is
removed from the arms by the prophase pathway. Mitotic kinases phosphorylate sororin and SA.
Phosphorylation induces sororin displacement, which allows WAPL to destabilize cohesin.
Centromeric cohesin complex are protected from this removal process as Shugoshin/PP2A
complex protects centromeric cohesion from WAPL-mediated removal
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How are centromeric complexes protected from prophase pathway removal?
A key molecule in the protection of centromeric cohesion is called Shugoshin,
meaning “Guardian Spirit” in Japanese. Shugoshin confers protection of cohesin
specifically at the centromere of both mitotic and meiotic cells (Kerrebrock et al.
1992; Kitajima et al. 2004; McGuinness et al. 2005).

Shugoshin is moved to the centromeric chromatin in complex with the PP2A
phosphatase at the onset of mitosis (Kitajima et al. 2006; Liu et al. 2013b).
Sugoshin/PP2A complex protects centromeric cohesin from WAPL-mediated
removal by several means: It antagonizes the Aurora B-/Cdk1-mediated phospho-
rylation of Sororin and thereby favors Sororin interaction with Pds5, shifting the
WAPL/Sororin competition for cohesin binding towards Sororin, preventing
WAPL-mediated removal (Dreier et al. 2011; Liu et al. 2013b; Nishiyama et al.
2013). Aurora B and Cdk1 also phosphorylate and aid in the centromeric local-
ization and activation of Shugoshin (Kitajima et al. 2006; Liu et al. 2013b; Tanno
et al. 2010). This means that Cdk1 and Aurora B have conflicting roles in cohesin
maintenance. They destabilize Sororin and thereby promote cohesin dissociation
along chromosome arms, while at the same time localize and activate Shugoshin at
the centromere, allowing for cohesin protection. Shugoshin also counteracts the
effect of Plk-1 mediated phosphorylation of SA (Hauf et al. 2005; Kitajima et al.
2006; McGuinness et al. 2005). This was initially thought to rely on
de-phosphorylation of this subunit by PP2A. However, recent evidence reveals that
Shugoshin-bound centromeric cohesin complexes contain a phosphorylated form of
SA (Liu et al. 2013b), suggesting alternative mechanisms may exist. In accordance,
structural analyses propose that Shugoshin may additionally work by a direct
competition with WAPL for the binding to cohesin (Hara et al. 2014).

This protection mechanism is of outmost importance as centromeric cohesin
complexes are the only ones that suffice cohesion maintenance during prometa-
phase and metaphase, while chromosomes are under drastic pulling and pushing
forces exerted by the mitotic spindle to accomplish chromosome alignment.

3.4 The Cohesin Cycle IV: The Final Cut

Mitosis is a process of trial and error, with a few decisive breakpoints. Mitotic
events of chromosome attachment, substrate phosphorylation and biorientation are
mostly redundantly regulated, and reversible. This allows for ample error correction
in an otherwise error prone process. However, once the metaphase is formed, and
chromosomes are bioriented, the cell reaches the point of no return: cohesin
cleavage.

The cleavage of cohesin at the metaphase-to-anaphase transition is conducted by
a large cysteine protease called separase, which cleaves the kleisin subunit, dis-
tancing the heads of SMC1 and SMC3 subunits (Lin et al. 2016; Uhlmann et al.
2000). This opens the cohesin ring, releasing sister DNA molecules from the
proteinaceous cage (Fig. 8).
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Fig. 8 Cohesin cleavage at the metaphase-to-anaphase transition. a In the presence of unattached
kinetochores, the spindle assembly checkpoint is activated and generates the formation of the
mitotic checkpoint complex (MCC) that prevents anaphase promoting complex/cyclosome
activation. Separase is kept inactive by securin and Cdk1/CyclinB binding. b Upon bipolar
attachment, the SAC signal is extinguished and the APC/C is activated. Active APC/C
ubiquitinates securin and Cyclin B and targets them for degradation. c Active separase cleaves the
Rad21/Scc1 subunit and causes ring opening. This opening allows the spindle to drag sister
chromatids to opposite poles
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Once the forces that hold chromosomes together are released, there is no going
back: therefore, centromeric cohesin cleavage must occur only after multiple
safeguard mechanisms have been satisfied. Separase activity is thus tightly regu-
lated and inhibited through multiple mechanisms until the onset of anaphase.

First, separase is inhibited by the binding of Securin, whose degradation is a
prerequisite for sister chromatid separation (Ciosk et al. 1998; Hirano et al. 1986;
Zou et al. 1999). Securin inhibits separase by binding to its active site and abolishing
its interaction with other substrates (Hornig et al. 2002; Lin et al. 2016). However,
mutants for Securin in several organisms do not suffer from premature loss of
cohesion, evidencing that other mechanisms of separase inhibition must be in place
(Alexandru et al. 2001; Hellmuth et al. 2015) (see below). Furthermore, Securin has
been proposed to work as a separase chaperone by binding to the nascent separase
and aiding in its proper folding and activity (Jallepalli et al. 2001). Consequently,
Securin was shown to be required for sister chromatid separation in fission yeast and
D. melanogaster (Funabiki et al. 1996; Stratmann and Lehner 1996).

The second layer of separase inhibition is mediated by the Cdk1-Cyclin B
complex. Cyclin B-Cdk1 phosphorylates separase and this phosphorylation pro-
motes Cdk1-CycB-separase binding, preventing separase activation until the onset
of anaphase (Gorr et al. 2005; Stemmann et al. 2001). The dual inhibition of
separase by CycB-Cdk1/securin is lifted by the APC/C, an E3 ubiquitin ligase,
which is the main effector of anaphase (reviewed in (Primorac and Musacchio
2013; Sullivan and Morgan 2007)). The APC/C ubiquitinates both securin and
Cyclin B, which targets them for degradation by the proteasome and releases
separase from its double leash. This, in turn, leads to cohesin cleavage and the onset
of anaphase (Oliveira and Nasmyth 2010).

Given the importance of this transition, the APC/C itself is tightly regulated
during mitosis by a surveillance mechanism known as the Spindle Assembly
Checkpoint (SAC) (Musacchio and Salmon 2007; Sullivan and Morgan 2007)
(Fig. 8a). The key effector of this mechanism is the Mitotic Checkpoint Complex
(MCC). Unattached kinetochores catalyze the formation of this inhibitory complex,
which sequesters Cdc20, a key activator required for APC/C activity (Musacchio
and Salmon 2007; Sullivan and Morgan 2007). The MCC complex is composed of
Mad2, BubR1, Bub3 and Cdc20 that form a complex that actively binds and
inactivates the APC/C (Primorac and Musacchio 2013). As long as the SAC is
active and the MCC is being produced at unattached kinetochores, the APC/C will
not be activated by Cdc20, Cyclin B and Securin will remain intact, Separase
inactive, and cohesin will not be cleaved.

This equilibrium changes once metaphase is achieved and chromosomes are
bioriented (Fig. 8b). Stable chromosome attachments result in SAC satisfaction and
the release of Cdc20 from the inhibitory MCC complex (Primorac and Musacchio
2013; Sullivan and Morgan 2007). Once this happens, APC/C binds Cdc20
becoming active to ubiquitinate Cyclin B and Securin. Ubiquitination promotes the
proteasome-mediated degradation of these targets and consequently the release of
Separase from its inhibition. Anaphase is imminent.
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Since chromosome biorientation and microtubule attachment are highly dynamic
processes, once all the chromosomes are bioriented, the decision to commit to
anaphase must be rapid and the execution swift. Indeed, live imaging analysis
revealed that separase-mediated cohesin cleavage happens within a few minutes
during the metaphase-to-anaphase transition (Gerlich et al. 2006; Oliveira et al.
2014; Yaakov et al. 2012).

In order to achieve this sharp metaphase-to-anaphase transition and rapid cohesin
cleavage, multiple positive feedback mechanisms are needed to create a molecular
switch. First, Separase has autocatalytic activity, and once released from its Cyclin
B-Cdk/Securin inhibition, it is able to cleave itself, and convert to an even more
enzymatically potent form (Waizenegger et al. 2002). Furthermore, APC/C is con-
stantly ubiquitinating the MCC and trying to pry away the Cdc20 subunit away from
it, weakening the SAC signal in the process (He et al. 2011; Uzunova et al. 2012). In
this way APC, accelerates its own release from SAC inhibition during anaphase.

In addition (or in parallel) to separase-mediated cleavage, the cohesin protection
machinery is also released from centromeres at the metaphase-to-anaphase transi-
tion, which may accelerate cohesin release. Release of Shugoshin/PP2A from the
centromeres may additionally promote the Plk1-mediated phosphorylation of
Rad21/Scc1 (Plk1-mediated), which enhances its cleavage by the Separase
(Alexandru et al. 2001; Hornig and Uhlmann 2004). Moreover, both Shugoshin and
Sororin, two key molecules involved in cohesin protection, are directly targeted for
degradation by the APC/C (Karamysheva et al. 2009; Rankin et al. 2005). Whether
or not removal of the mechanisms involved in cohesin protection actively con-
tribute to the sharp cohesion release at the metaphase-to-anaphase transition
remains to be determined.

As discussed above, cohesin cleavage is only initiated once chromosome bior-
ientation is achieved. Thus, given that chromosomes at this stage are being pulled
by mitotic spindle, release of cohesin is on its own sufficient to trigger pole-ward
chromosome movement (Oliveira et al. 2010; Uhlmann et al. 2000). This, however,
is insufficient for efficient anaphase chromosome movement. Sister chromatid
separation, when triggered alone, results in*1/3 slower movements, and con-
comitant re-activation of the SAC and error-correction mechanisms (Mirchenko and
Uhlmann 2010; Oliveira et al. 2010). Uncoupling cohesin cleavage from Cyclin B
destruction leads to similar failures in chromosome segregation (Parry et al. 2003;
Vazquez-Novelle and Petronczki 2010; Vazquez-Novelle et al. 2014). Successful
anaphase onset thus relies not only on a sharp anaphase transition but also on a
synchrony between sister chromatid cohesion release and cell cycle progression.
The fact that cohesin cleavage is regulated by the APC/C, which cleaves both
securin (cohesin release) and Cyclin B (cohesin release + cell cycle transition)
should in principle provide this synchrony. Additional feedbacks, however, further
ensure that sister chromatid separation occurs in synchrony with inactivation of
Cdk1 (reviewed in Kamenz and Hauf 2016).
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4 Functional Implications for a Multiple-Step
Cohesin Removal

Cohesin binding and release is a dynamic and multi-step process whose mecha-
nisms are mostly conserved across species. Exception goes for the dual-step
removal for cohesin during mitosis. In budding yeast, unlike in metazoans, arm
cohesion is not removed at the onset of mitosis and the entire cohesin pool is
removed at the metaphase-to-anaphase transition by Separase. The question does
arise as to why do metazoans have a two-step removal of cohesin? Does accu-
mulation and retention of cohesin specifically at the centromeric region play any
specific function in metazoans? When considering the biological significance for
cohesion removal during mitosis, one must have interphase functions of cohesin in
mind. During prophase removal of cohesin, the Rad21/Scc1 subunit is not cleaved,
but disengaged from SMC3 (see Sect. 3.3), leaving intact cohesin complexes in the
cytoplasm. This cohesin is not reloaded during mitosis, possibly due to the dis-
sociation of the Scc2/4 loading complex from chromosomes (Watrin et al. 2006;
Woodman et al. 2014). However, these intact cohesin complexes can load freely
during the impending telophase/G1 and preform roles in transcription regulation
and interphase genome architecture early in the subsequent cell cycle. Thus, the
prophase pathway may be seen as a recycling mechanism, protecting the majority
of cohesin from cleavage during anaphase. It is nevertheless becoming more and
more evident, however, that the concentration of cohesin specifically around the
centromere fulfills important functions for the efficiency of mitosis, as outlined
below.

4.1 Sister Chromatid Resolution

During replication, sister DNA molecules become heavily intertwined as a conse-
quence of the unwinding of parental DNA strands and colliding replication forks. In
order to segregate these tangled sister molecules into two daughter cells, their
catenations must be resolved. Failure to resolve such DNA intertwines by topoi-
somerase II leads to breaks in the DNA molecules during anaphase, when chro-
mosomes are pulled to the poles by the spindle.

Cohesin was shown to block the action of topoisomerase II (Farcas et al. 2011;
Sen et al. 2016), possibly by keeping the two sisters in such close proximity that
disfavors their efficient decatenation. Thus, cohesin removal from chromosome
arms during prophase is believed to aid sister chromatid resolution along chro-
mosome arms, providing topoisomerase II with enough space to resolve catenations
(Fig. 9).

The degree to which sister chromatid resolution can occur in the presence of
chromosome-bound cohesin has been hard to estimate. A recent study has elegantly
shown that in the absence of WAPL, when cohesin is retained all over chromosome
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arms, sister chromatids can be mostly resolved, at least at the limit of the cytological
method applied to image differentially labeled sister chromatids (Nagasaka et al.
2016). Thus, although cohesin may impair efficient decatenation, the degree of
chromosome intertwines even in the presence of cohesin must be residual.

These residual levels of chromosome intertwines are nevertheless sufficient to
impair efficient chromosome segregation. When cohesin is not removed from
chromosome arms in a timely manner, which happens if WAPL is downregulated
and the prophase pathway inhibited, chromosomes lose their characteristic
“X-shape” and cells undergo an erroneous anaphase, marked by detectable chro-
mosome bridges during anaphase (Haarhuis et al. 2013; Tedeschi et al. 2013).
Similar results were observed in cells expressing a modified version of Sororin that

Fig. 9 Cohesin and sister chromatid resolution. Cohesin entrapment prevents efficient decatena-
tion by topoisomerase II. Cohesin removal from chromosome arms ensures proper sister chromatid
resolution. Abnormal retention of cohesin on the arms results in residual entanglements and
consequently mitotic defects

Centromeric Cohesin: Molecular Glue and Much More 501



lacks its Cdk1-phosphorylation site. This version is not removed from chromo-
somes arms at the onset of mitosis leading to over-cohesion of metaphase chro-
mosome arms and lagging chromosomes during anaphase (Nishiyama et al. 2013).
Moreover, chromosome rearrangements that misplace pericentromeric heterochro-
matin away from the centromere were shown to abnormally accumulate
non-centromeric cohesin (Oliveira et al. 2014). These chromosomes also exhibit
chromatin stretching during anaphase, specifically at ectopic cohesin-retention sites.
Thus, the spatial and temporal positioning of cohesin on the mitotic chromosome is
crucial for timely chromosome resolution. Any disturbance, such as prolonged
retention or enrichment of cohesin along chromosome arms leads to incomplete
sister chromatid separation, followed by mitotic errors.

4.2 Inner-Centromere Defining Platform

Centromeric cohesin has recently emerged as a core component of the
inner-centromere network and thereby influences the localization of important
machinery that regulates mitotic fidelity (Fig. 10).

Kinetochore-microtubule attachments are regulated by the actions of Aurora B, a
key mitotic kinase that destabilizes erroneous kinetochore-microtubule attachments.
It is well established that Aurora B destabilizes attachments that are not under
tension through the phosphorylation of key kinetochore substrates (Biggins and
Murray 2001). This phosphorylation results in microtubule detachment and the

Fig. 10 The inner centromere network. Cohesin sets the blueprint for the inner centromere
network, regulating chromosome architecture and microtubule attachment. Cohesin is needed for
the recruitment of Haspin kinase, which triggers the cascade resulting in recruitment of CPC and
Shugoshin to the pericentromeric region
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creation of unattached kinetochores that can trigger SAC signaling. Aurora B,
together with its regulatory partners INCENP, Borealin and Survivin, forms the
Chromosome Passenger Complex (CPC). This complex decorates the entire chro-
mosome length during early mitotic stages but dynamically shifts its localization
towards prometaphase/metaphase, becoming highly enriched at the inner-
centromeric region (Reviewed in (Carmena et al. 2012).

Cohesin’s importance for CPC localization has been documented in several
studies (Carretero et al. 2013; Haarhuis et al. 2013; Kenney and Heald 2006;
Mirkovic et al. 2015; Sonoda et al. 2001; Vass et al. 2003) but only recently the
mechanistic details for this interaction are being elucidated. CPC localization to the
inner centromere was shown to depend on two histone marks: Histone H3 phos-
phorylation on Threonine 3 (H3pT3) and histone 2A-serine 121 (equivalent to H2A
Threonine 120 in humans) phosphorylation (Yamagishi et al. 2010). The cohesin
subunit PDS5A interacts with the Haspin Kinase, which is the kinase responsible
for H3T3 phosphorylation (Yamagishi et al. 2010). Depletion of Pds5 or cohesin
subunits result in delocalized Aurora B and possibly impaired error correction
(Carretero et al. 2013; Mirkovic et al. 2015; Yamagishi et al. 2010). Interestingly
enough, “too much” cohesin produces a similar phenotype, as WAPL depleted cells
also exhibit delocalized Aurora B signals and defective error-correction capacity
(Haarhuis et al. 2013).

In addition to CPC localization, cohesin also plays a role in the localization of
another key inner centromere component: Shugoshin. Shugoshin interacts directly
with cohesin and requires this interaction for its activity (Liu et al. 2013a, b). In this
way, cohesin enhances its own centromeric protection but also contributes to other
events that are governed by Sgo1 at the centromeres, namely biorientation of sister
chromatids, localization of the CPC and SAC silencing (reviewed in Marston
2015).

Thus, while enhancing its own protection, cohesin plays a pivotal role in the
establishment of the inner centromere network.

4.3 Force Balance

The binding and stability of microtubule attachments to the kinetochore is enhanced
by the tension between the spindle and the kinetochore, both in vivo and in vitro
(reviewed in Biggins 2015). Tension-dependent stabilization of kinetochore-
microtubule interactions depends on an intrinsic stabilization ability of the
mechanical force exerted by the microtubule pulling forces (Akiyoshi et al. 2010),
as well as on biochemical changes that promote the stabilization of kinetochore-
microtubule interactions. The latter are regulated by Aurora B kinase, responsible
for the correction of erroneous microtubule-kinetochore interactions through the
phosphorylation of key kinetochore substrates. Upon bipolar attachment, i.e.
maximal tension, the increase in the distance between the inner-centromeric
Aurora B and the kinetochore is believed to displace Aurora B away from its targets
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thus reverting Aurora B-mediated destabilization of microtubule attachments (Liu
et al. 2009a) (Fig. 11).

How chromosome tension is established, sensed and ultimately regulates
kinetochore-microtubule interactions has been widely investigated. Bipolar
attachment increases tension across the entire pericentromeric domain
(inter-kinetochore tension), but also within each individual kinetochore, marked by
the increase in the distance between the proteins of inner and outer kinetochore
(reviewed in (Maresca and Salmon 2010). Both intra- and inter-kinetochore stretch
require a counterforce to the spindle to generate stable microtubule attachment and
tension. The cohesin ring presents the only force at the centromere that is able to
resist the pulling forces of the spindle. Thus, centromeric cohesion contributes to
the generation of tension needed for stable chromosome biorientation on the
metaphase plane (Fig. 11). It provides the counterforce necessary to maintain a
force-equilibrium between with the mitotic spindle, which can generate forces of up

Fig. 11 Force balance. Cohesin is the major force resisting the mitotic spindle during metaphase.
The antagonism between cohesin and the spindle results in sufficient tension that is required to
stabilize the attachments of microtubules to the kinetochore. Erroneous attachments (e.g.
mono-oriented chromosomes or chromosome with the two kinetochores bound to the same pole)
are not under sufficient tension. This reduced tension leads to destabilization of these interactions
by Aurora B kinase
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to hundreds of piconewtons (Nicklas et al. 1995; Ye et al. 2016). In agreement with
cohesin’s major role in the establishment of kinetochore tension, loss of cohesin
prior to or during metaphase leads to extensive chromosome shuffling along the
spindle, as attachments to isolated single sisters are highly unstable (Drpic et al.
2015; Mirkovic et al. 2015; Oliveira et al. 2010) (Fig. 11).

Whether or not cohesin could also contribute to tension sensing has also been
speculated. Upon bipolar attachment, tension across sister chromatids will influence
the entire pericentromeric domain and evidence suggests that this alone can lead to
removal of centromeric cohesin complexes (Eckert et al. 2007; Ocampo-Hafalla
et al. 2007). More distal pericentromeric domains would then provide the necessary
antagonistic force to the spindle. This dynamic change on the cohesive forces could
alone provide a cue to sense bipolar attachment. In agreement, cohesin-associated
molecules, particularly Shugoshin, have been proposed to contribute to tension
sensing and SAC silencing at the metaphase-to-anaphase transition (reviewed in
Marston 2015).

However, inter-kinetochore stretch does not seem to be necessary for tension
sensing as chromosomes in which two neighboring kinetochores were artificially
tethered, preventing the inter-kinetochore stretch, still resulted in normal metaphase
attachment. These experiments imply that mechanical tension exerted on the single
kinetochore might be more important than the stretching between kinetochore pairs
itself to stabilize chromosome attachments (Nannas and Murray 2014).

Regardless of the exact location that senses chromosome tension, the structure of
the pericentromeric domain will likely play a major influence on the force provided
by the chromosomes (Stephens et al. 2013). Does this force balance require a
specific amount of cohesin at chromosomes and does centromeric accumulation
play a role? It is conceivable that reaching the right spindle counterforce requires a
fine-tuning of cohesin levels at chromosomes. This has been difficult to tackle
experimentally as manipulating cohesin levels is not a trivial task. Metazoan
chromosomes with artificial high levels of cohesin (e.g. WAPL knockdown) do
display defects in chromosome attachment. Although these have been largely
attributed to defects in the localization of the machinery that regulates
microtubule-kinetochore attachments (see Sect. 4.2), it remains to be determined the
consequences of too much cohesion on tension establishment and sensing, inde-
pendently of Aurora B localization.

4.4 Anaphase Sharpness

Cohesin destruction marks the onset of anaphase, a point of no return for every
dividing cell. As discussed above (see Sect. 3.4), several feedback loops operate at
this stage to ensure efficient cohesin cleavage at this crucial transition. Restricting
cohesin to centromeric region may be an additional mechanism to ensure fast
anaphase onset and promote synchrony of anaphase movements, particularly in
organisms containing variable chromosome sizes. Separase is functionally active
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along the entire chromosome, as evidenced by complete cohesin cleavage in WAPL
mutants, in which cohesin is now all over chromosome arms, or in cells expressing
Separase sensors targeted to the entire chromosomes (Haarhuis et al. 2013; Oliveira
et al. 2014; Shindo et al. 2012; Yaakov et al. 2012).

Whether or not the efficiency of cohesin cleavage is the same all over the
chromatin mass has been quite controversial. Direct measurements of Separase
activity using engineered sensors at different chromosome loci in budding yeast,
failed to detect any delay of cleaving telomeric versus centromeric sites (Yaakov
et al. 2012). In contrast, other studies support that removal of cohesin at regions
distal to the centromere is less efficient than at centromere-proximal ones (Oliveira
et al. 2014; Renshaw et al. 2010). These studies thus suggest that although separase
is capable of cleaving cohesin all over chromosome arms, coupling residual
cohesion to the centromere may be an efficient way to accelerate cohesin degra-
dation. This could be due to the pulling force of the spindle that could aid in cohesin
release, or enhanced Separase activity at the centromeric region.

5 Concluding Remarks

In the cell biology field, centromeric cohesin is mostly viewed as an architectural
molecule, a molecular glue linking sister chromatids and preventing random
chromosome segregation. However, it is crucial to shift such a viewpoint in order to
encompass all the diverse functions of cohesin during nuclear division. Restricting
cohesion to the centromeric region during mitosis is of paramount importance for
efficient chromosome resolution and segregation. Cohesin itself provides the main
elastic force necessary to resist the metaphase spindle and establish biorientation of
the chromosomes during metaphase. Cohesin is also crucial for the establishment of
an inner-centromere network thus contributing to the localization and function of
proteins involved in the regulation of chromosome attachments and spindle
assembly checkpoint. As such, mitotic cohesin is way more than a pure “archi-
tectural” molecule and should be viewed as a dynamic scaffold for multiple mitotic
processes, rather than a hinge keeping chromosomes together.
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Centromere Structure and Function

Kerry Bloom and Vincenzo Costanzo

Abstract The centromere is the genetic locus that specifies the site of kinetochore
assembly, where the chromosome will attach to the kinetochore microtubule. The
pericentromere is the physical region responsible for the geometry of bi-oriented
sister kinetochores in metaphase. In budding yeast the 125 bp point centromere is
sufficient to specify kinetochore assembly. The flanking region is enriched (3X) in
cohesin and condensin relative to the remaining chromosome arms. The enrichment
spans about 30–50 kb around each centromere. We refer to the flanking chromatin
as the pericentromere in yeast. In mammals, a 5–10 Mb region dictates where the
kinetochore is built. The kinetochore interacts with a very small fraction of DNA on
the surface of the centromeric region. The remainder of the centromere lies between
the sister kinetochores. This is typically called centromere chromatin. The chro-
matin sites that directly interface to microtubules cannot be identified due to the
repeated sequence within the mammalian centromere. However in both yeast and
mammals, the total amount of DNA between the sites of microtubule attachment in
metaphase is highly conserved. In yeast the 16 chromosomes are clustered into a
250 nm diameter region, and 800 kb (16 � 50 kb) or *1 Mb of DNA lies
between sister kinetochores. In mammals, 5–10 Mb lies between sister kineto-
chores. In both organisms the sister kinetochores are separated by about 1 lm.
Thus, centromeres of different organisms differ in how they specify kinetochore
assembly, but there may be important centromere chromatin functions that are
conserved throughout phylogeny. Recently, centromeric chromatin has been
reconstituted in vitro using alpha satellite DNA revealing unexpected features of
centromeric DNA organization, replication, and response to stress. We will focus
on the conserved features of centromere in this review.
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1 Characteristics of Centromere Chromatin—Primary
Folding of a Nucleosome

1.1 Centromere-Specific Histone H3 Variant, Cse4 Yeast,
CENP-A Mammals

Centromeres contain an atypical Histone H3, known as CENP-A, or Cse4 in
budding yeast (Earnshaw et al. 2013). The functional role of CENP-A at the cen-
tromere is considerably less clear. A variety of studies reveal that CENP-A con-
taining nucleoprotein complexes can adopt a number of conformations, including
tetramers (Dalal et al. 2007; Shivaraju et al. 2012), hemisomes (Henikoff et al.
2014) or octamers (Camahort et al. 2009; Hasson et al. 2013); canonical left-handed
octamers (Dechassa et al. 2011; Hasson et al. 2013), right-handed hemisomes or
octamers (Furuyama and Henikoff 2009; Diaz-Ingelmo et al. 2015), and hexamers
(Mizuguchi et al. 2007; Xiao et al. 2011). In budding yeast, with its point cen-
tromere and purportedly single Cse4-containing nucleosome (Lawrimore et al.
2011; Shivaraju et al. 2012; Aravamudhan et al. 2013; Haase et al. 2013;
Wisniewski et al. 2014), there is controversy over the number of Cse4 molecules
and the handedness of DNA wrap. At the heart of such controversies is the quest to
determine critical features responsible for establishing a functional kinetochore. For
Cse4 and CENP-A, the ability to swap centromere-specific domains with canonical
Histone H3 reveals crucial molecular determinants unique to the centromere
nucleosome. These include the Histone Fold Domain and the essential N-terminus
(END) in Cse4 (Keith et al. 1999; Chen et al. 2000), the CENP-A targeting domain
(CATD) within the HFD, essential N- and C-termini (Black et al. 2004; Logsdon
et al. 2015), and insight into distinct requirements for establishment versus main-
tenance of the CENP-A nucleosome at the centromere (Logsdon et al. 2015). In
addition to studies at the level of isolated nucleosomes, the centromere nucleosome
must also be considered in the context of flanking chromatin. It is the intent of this
review to focus on the higher order structures that lead to a bolus of CENP-A on the
surface of the chromosome where they can interact and engage microtubules.

1.2 Centromere DNA Directs the Sequence Invariant
Position of Cse4

The budding yeast centromere is unique in that the microtubule-DNA interphase is
known at base pair resolution. There is a single position invariant Cse4 protein(s) at
centromere DNA elements CDEI, II, and III. There are additional Cse4 molecules
not confined to a specific sequence (between 3 and 5/chromosome), that can be
observed as a cloud surrounding the centromere core (Haase et al. 2013). While
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evidence for and against the Cse4 cloud exists (Aravamudhan et al. 2013; Haase
et al. 2013; Wisniewski et al. 2014), the position variable molecules can be elim-
inated in specific mutants (pat1, xrn1) as evidenced by the loss of the cloud and
confirmed by a reduction in chromatin immunoprecipitation (Haase et al. 2013). We
will focus on the sequence invariant molecules as the function of the position
variable molecules is not known.

The centromere DNA elements are recognized by a unique DNA-binding
complex, Centromere Binding Factor (CBF3, composed of Ndc10 (2), Cep3 (2),
Ctf13, Skp1) (Espelin et al. 1997; Russell et al. 1999). Ndc10 is distantly related to
the tyrosine DNA recombinases, such as CRE (Cho and Harrison 2012; Perriches
and Singleton 2012). Ndc10 may be central to the controversy surrounding the
Cse4 nucleosome, as well as the structure of the inner centromere. Ndc10 binds
CDEII in the absence of other CBF3 components, as well as A + T rich domains
elsewhere in the chromosome (Espelin et al. 2003). Thus Ndc10 is promiscuous in
its DNA-binding properties, and is not restricted to kinetochores in vivo (Espelin
et al. 2003). Within the kinetochore, Ndc10 localizes to the inner centromere
proximal to the spindle axis, where it binds DNA as a dimer and has been proposed
to promote DNA bending and/or looping (Pietrasanta et al. 1999). Ndc10 is
essential for forming the yeast kinetochore and specifically in recruiting CENP-A
(Cse4, Pearson et al. 2003).

The function of the variant centromere histone complex is not well understood.
There are differing biological consequences imparted from the mechanics of DNA,
whether it is wrapped in a canonical left- or non-canonical right-handed direction
around the nucleosome. The determination of left- versus right-handed DNA
wraps around the nucleosome can be assessed from indirect measurements of the
number of supercoils in small circular plasmids. Circular centromere-containing
plasmids contain fewer negative supercoils than acentric plasmids, indicative of a
positive (right-handed wrap) supercoil around the centromere core (Bloom et al.
1983, 1984; Furuyama and Henikoff 2009; Diaz-Ingelmo et al. 2015). There are
several alternative interpretations of the change in linking number observed in
plasmids containing the centromere-specific Cse4 nucleosome, all of which are
dependent on CDEIII and/or Ndc10 (Furuyama and Henikoff 2009; Gkikopoulos
et al. 2011; Diaz-Ingelmo et al. 2015). One possibility is that that the functional
centromere contains a left-handed wrap around Cse4, flanked by two DNAaseI
hypersensitive nucleosome-depleted regions (*70 bp each) (Bloom and Carbon
1982). Loss of centromere function in ndc10 mutants leads to loss of the nuclease
hypersensitivity (Saunders et al. 1988). If these sites become occupied by a
nucleosome with canonical histones, plasmid DNA isolated from these mutants
will appear to have additional negative superhelical turns (and hence plasmid from
wild-type cells will a net change of +1 in linking number). Alternatively, if Ndc10
introduces a right-handed turn at the base of a DNA loop, this will also influence
the net linking number in a positive fashion (Cho and Harrison 2012;
Diaz-Ingelmo et al. 2015).
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1.3 Primary Loop at the Cse4 Nucleosome

The looping function of Ndc10 and hypersensitivity of flanking sites (70 bp) to
DNAase I provides important insight into the three-dimensional structure of the
yeast centromere. One can build a unifying model that incorporates Ndc10 looping
and dimerization function, the observed change in linking number and extent of
micrococcal nuclease digestion (120 bp core (Cole et al. 2011; Krassovsky et al.
2012) and a larger 150–220 bp protected structure (Bloom and Carbon 1982; Funk
et al. 1989; Gkikopoulos et al. 2011)). At the base of the CDEIII, Ndc10 binding
results in a right-handed DNA wrap of the ends of a *80 bp duplex that encircles
the Cse4 nucleosome (Henikoff et al. 2014). This accounts for the core 80–120 bp
seen in extensive MNase digests employed in ChIP seq studies (Cole et al. 2011;
Krassovsky et al. 2012). DNA exiting the Ndc10 loop continues to wrap around the
Cse4 nucleosome to what will be the surface of the chromosome (middle panel
Fig. 1). This leaves about 70 bp of DNA surface exposed as evidenced by extreme
DNAase I hypersensitivity. Considering the concentration of nucleosomes adjacent
to CDEI-III, it is surprising that stochastic nucleosome dynamics [sliding as well as
protein exchange (Verdaasdonk et al. 2012)] does not result in the nuclease
hypersensitive sites becoming occupied by histones. These sites are kept
nucleosome-free through the action of the ATP-dependent SWI/SNF chromatin
remodeling complex, Snf2 (Gkikopoulos et al. 2011). Deletion of Snf2 results in a
reduction in the nuclease hypersensitivity flanking CDEI-III, with no change in the
flanking nucleosomes or other hypersensitive DNAase I sites.

In a three-dimensional model of the centromere, these nucleosome-free
DNAase I sites of all 16 centromeres are clustered at the chromosome/
microtubule interface. The 16 kinetochores are arrayed in a cylinder (* 250
dia.) around the central spindle resulting in the confinement of DNA loops from all
16 chromosomes to the vicinity of the spindle. Clustering the DNAase I sites to the
chromosome surface is a mechanism to distinguish the centromere from the chro-
mosome arms. The active chromatin remodeling mechanism that prevents occlusion
of these sites by histones ensures this unique attribute of centromeres. Exposure of
such a large patch of naked DNA (*150 bp � 16–2500 bp) is likely to contribute
to kinetochore microtubule capture and stabilization mechanisms.

The DNAase I hypersensitive sites are conserved in other fungi (Kluyveromyces
lactis) harboring point centromeres (Heus et al. 1993a), even though the centromere
sequences have diverged (Heus et al. 1993b). Centromeres from one organism do
not confer segregation function in related species. In K. lactis, CDEII is about
double the size of that in budding yeast S. cerevisiae. There could be two wraps of
DNA around a Cse4 core, or there could be double the number of Cse4 molecules at
the site of microtubule attachment. In either case, the model of extreme DNAase I
sites on the chromosome surface may be applicable to other fungi as well as larger
eukaryotes.
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1.4 Pericentromeric Loop—Secondary Folding
into Bottle Brush

Sister Cse4-containing nucleosomes are separated by 800 nm in metaphase. Each
kinetochore lies at the apex of a DNA loop that extends on average about 400 nm
from the sister chromatid axis in metaphase. The centromere loops have been found
in 3C maps from yeast (Yeh et al. 2008; Duan et al. 2010), and Hi-C maps of
lymphoblastoid cells in mammals (Dai et al. 2016). The size of the loops can be
estimated from the region over which the structural maintenance of chromosome
proteins (SMC’s cohesin and condensin) are enriched. Loops from each chromo-
some are in turn looped, adopting loops within loop organization (Lawrimore et al.
2016) (Fig. 2). The emerging principle from the fractal organization of DNA loops

Organiza on of pericentric
chroma n (16 replicated 
chroma ds) in metaphase

End-on view of the 
clustered 16 yeast 
centromeres in the half-
spindle

Single kinetochore 
microtubule plus-
end, Dam/Dash and 
Ndc80 complexes, 
and the single 
CENP-A containing 
nucleosome of one 
yeast chromosome

~ 800 nm

~ 25 nm

Side view

~ 250 nm

~ 250 nm

~ 22 nm

Fig. 1 A DNA basket on the surface of centromeres in metaphase. Left The pericentromere region
of all 16 chromosomes in metaphase in budding yeast. The 125 bp CEN region (pink nucleosome
at right-most edge of the nucleosome fiber, depicted as yellow DNA wrapped around red histones)
lie at the apex of the pericentric chromatin loops (11 nm fiber, yellow strands). The centromere
DNA containing loops extend perpendicular to the chromosome axis (Lawrimore et al. 2016).
Middle panels Top: end-on view of the Cse4 containing nucleosomes, one from each centromere
of the 16 sister chromatids are cylindrically arranged and lie on the surface of the chromosome.
Bottom: side view of centromere DNA in metaphase. 80 bp of DNA is in direct contact with the
Cse4-containing core (pink), flanking DNA follows a trajectory toward the kinetochore (yellow
strands away from the pericentromere). DNA devoid of histones reflect the DNAase I
hypersensitive regions (Bloom and Carbon 1982; Bloom et al. 1983) exiting and entering the
Cse4 containing nucleosome that protrude from the surface of the chromosome to make a basket.
Far right The Cse4 containing nucleosomes are proximal to the pericentric chromatin (yellow
DNA strands, bottom), while the DNAase I hypersensitive sites protrude from the chromosome
surface toward the kinetochore (top). Sister kinetochores lie *800 nm away on the opposite
surface of the sister strands
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is that stiffness is achieved within the pericentric chromatin. A high concentration
of loops builds tension within the pericentromere and exerts a pushing force on
centromere DNA at the apex of the loops (Cse4 and CDEI, II and III, including the
hypersensitive sites). This pushing force is responsible for positioning the cen-
tromere to the chromosome surface. The concentration of loops is established
through the energy-consuming process of loading and enriching cohesin in the
pericentromere at the time of DNA replication. Once the pericentromere chromatin
is enriched in SMC proteins, the fluctuations of the strands impose a tension force
on the primary loop, where the centromere lies at the apex. This configuration,
known as a bottle brush, is a common physical property of polymers that on solid
substrates can generate nanonewtons of force, enough to break covalent bonds
(Panyukov et al. 2009a, b).

The size and number of secondary loops has been estimated through the use of a
chromosome dynamics simulator (Lawrimore et al. 2016). The bead-spring polymer
model finds the thermodynamically favorable state of a string of beads with hinge
forces connecting the beads tuned to give the strand the bending rigidity determined
for DNA. In this model, cohesin is concentrated in the pericentromere and adopts a
uniform and homogeneous distribution that surrounds the central spindle, but is
radially displaced (Yeh et al. 2008; Stephens et al. 2011). There is no molecular

Fig. 2 Configuration of pericentric chromatin loops surrounding the spindle axis in the budding
yeast. The blue spheres are spindle pole bodies, the green rods are kinetochore microtubules. The
interpolar microtubules can be seen as blue rods extending about ¾ the length of the spindle from
each pole. The yellow strands are pericentric chromatin. The primary loop (horizontal) is attached
to a kinetochore microtubule. Chromosome arms (not shown) would extend north and south, from
approximately the middle of the pericentromere. Condensin is at the base of the each of the radial
subloops (purple staples). Cohesin are the red rings. The position of cohesin is the most
thermodynamically favorable and matches the position observed experimentally with the size and
number of loops modeled herein
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mechanism that accounts for the position or appearance of a cohesin barrel. We
have found that the size and number of DNA loops dictate the experimentally
observed position. Loops that are approx. 10 kb give rise to a cohesin barrel that
matches the dimension and homogeneity found in vivo (Lawrimore et al. 2016).
The size of these loops is comparable to the 5 kb chromosome interaction domains
found in yeast from Micro-C (Hsieh et al. 2015).

An alternative view of cohesin function at the centromere is provided in Hu et al.
(2015). To reconcile the position of cohesin relative to the spindle axis with the
canonical function of juxtaposing sister chromatids, Hu et al. propose that peri-
centric cohesin lies on average 5 kb from the centromere core and is restricted to
sister chromatid interactions as observed in the arms. Stephens et al. (2011) found
that a lacO array 6.8 kb from the centromere was separated greater than 65% of the
time in wild-type cells, inconsistent with such a proposal. Furthermore, the radial
distance of cohesin from the spindle, as well as the homogeneity of the barrel
demands a physical explanation. Rather than holding sister chromatids in the
pericentromere, intra-chromatid linkages as proposed in Lawrimore et al. (2016)
account for the position and dynamics of pericentric cohesin. Behavior of the
centromere linked lacO array as it extends and retracts thermodynamically, as well
as in response to MT pulling and pushing forces also favors intra-chromosomal
loops diagrammed in the model shown in Fig. 2. The intra-chromatid linkages
contribute to the pushing mechanism predicted from the bottle brush, providing a
novel view of centromere function in promoting sister separation and kinetochore
tension at the metaphase plate (Lawrimore et al. 2015, 2016). Whether non-sister
chromosome interactions are mediated by cohesin within the pericentromere remain
controversial. Biophysical studies of cohesin diffusion on DNA indicates that the
physiological pore size is much smaller than observed in electron micrographs of
spread molecules (Stigler et al. 2016). Based upon the fluctuations of radially
displaced LacO spots and correlated movement between pericentromeres of
non-sister chromatids, models of cohesin rings that encompass a single chromatid
and interact with cohesin rings from other chromosomes account for experimental
observations (Stephens et al. 2011, 2013a; b). Interestingly, in experimental
attempts to reduce the concentration of cohesin in the cell, the only region of the
chromosome where cohesin was refractory to reduction was in the centromere
(Heidinger-Pauli et al. 2010). Thus there are mechanisms to ensure the concen-
tration remains in centromere, indicating this may be the critical site for the fidelity
of chromosome segregation.

1.5 Loops on Mammalian DNA and Role of Satellite
Repeats in Promoting DNA Looping

Recently, centromeric chromatin was reconstituted in cell-free extracts derived from
Xenopus laevis eggs (Aze et al. 2016). For these experiments artificial
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chromosomes (BACs) containing large inserts (130–160 kb) of centromeric alpha
satellite DNA sequences of different human centromeres were used. BACs were
chosen for their large size, which allowed efficient formation of nuclear structures in
egg extract (Aze et al. 2016). Electron microscopy (EM) based structural analysis of
centromeric DNA isolated from egg extract highlighted the presence of numerous
single-stranded DNA bubbles. These structures were due to intrinsic resistance of
centromeric chromatin to psoralen-mediated cross-linking, a procedure required to
prevent melting and branch migration of DNA preparations for EM analysis. Poor
cross-linking was due to the presence of positively supercoiled DNA, which is
known to prevent psoralen-mediated cross-linking (Bermudez et al. 2010).
Formation of positively supercoiled DNA required Topoisomerase I activity.
Chromatin composition analysis also revealed the enrichment of condensin, which
can promote the formation of positively supercoiled DNA in closed plasmids in the
presence of Topoisomerase I (Hirano 2012). These findings suggest that positive
supercoils observed in centromeric DNA assembled in egg extract is an active
phenomenon linked to the presence of Topoisomerase I and condensin.

When partially digested chromatin still retaining condensin was analyzed instead
of naked DNA EM revealed the presence of long double stranded DNA loops
embedded in a protein matrix (Fig. 3). The average size of the loops was around 1–
1.5 kb but some of the loops reached 2.5–3 kb in size. Although the individual
components of the protein matrix could not be resolved, electron dense particles
corresponding to residual protein material left after partial proteolysis were spotted
at the base of the loops, indicating a possible role in their formation or stabilization
(Fig. 3). Consistent with this hypothesis removal of residual proteins by complete
digestion dissolved the loop structure (Aze et al. 2016).

Fig. 3 Electron micrograph showing partially digested chromatin isolated from Xenopus laevis
egg extract incubated with human alpha satellite DNA. Loops of double stranded DNA filaments
running parallel to each other embedded in a protein matrix can be appreciated. Electron dense
particles can be noticed at the base of some of the loops. Bar corresponds to 500 base pairs
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Formation of loops observed on centromeric chromatin isolated from interphase
egg extracts required DNA replication and active Topoisomerase I, although
Topoisomerase II role could not be excluded. The presence of positively supercoiled
DNA associated to the loops suggested that these structures formed behind repli-
cation forks as their presence ahead of them would heavily disturb fork progression
(Branzei and Foiani 2010). Condensins play a major role in mitosis-dependent
chromosome condensation in eukaryotic cells. A role for condensin during DNA
replication has been documented in bacteria, where their activity is required for
DNA loop formation. In this case condensins appear to resolve replicated replication
origins by promoting the juxtaposition of DNA, drawing sister replication origins
away from each other (Wang et al. 2015). To this end condensins encircle
double-stranded DNA at their loading site and slide along it, tethering the two arms
of double-stranded DNA together. If applied to mammalian cells this process could
disentangle and individualize replicated sections of centromeric DNA promoting at
same time DNA condensation, which could start at centromeres in interphase and
then spread towards flanking regions of the chromosome during the mitotic phase.
This process could help to disentangle highly repeated centromeric DNA sequences
after replication and prevent their recombination.

The loops uncovered in this system could be related to the organization of cen-
tromeric chromatin in mitosis. The EM pictures evoke the bottlebrush structure
proposed for the loop arrangement in yeast centromere. The smaller size of the loops
identified in interphase by EM compared to the ones predicted by biophysical studies
might reflect an early stage of centromere reorganization. The loops assembled in
interphase could indeed be the basic unit of larger structures, which might
grow further in mitosis. The requirement of Topoisomerase I and possibly
Topoisomerase II activities for their formation and/or for their stabilization indicates
the occurrence of rotational processes along DNA axes during loop formation and
the possible presence of loop entanglements that stabilize these structures. Overall
these features could be compatible with the formation of the centromeric spring.

CENP-A is a key factor able to trigger assembly of kinethocore proteins in vitro
(Weir et al. 2016) and in Xenopus egg cytoplasm (Guse et al. 2011). However, the
links between centromeric DNA and CENP-A as far as chromatin structure is
concerned are largely unclear. Interestingly, CENP-A could be selectively loaded
onto naked centromeric DNA containing alpha satellite in Xenopus egg extract
(Aze et al. 2016). The ability of satellite DNA to induce loading of centromeric
proteins was consistent with work performed on human artificial chromosomes
(HACs), which are made with satellite DNA and are able attract centromere and
kinetochore proteins when introduced into cells (Nakano et al. 2008; Bergmann
et al. 2011; Kouprina et al. 2013). Replicative features such as invariant inter-origin
distance between centromeric and non-centromeric DNA in Xenopus were also
consistent with data obtained from studies on HAC replication in intact cells
(Erliandri et al. 2014). These two systems could help to better define important
aspects of centromeric chromatin assembly in the future.

It is generally assumed that CENP-A is loaded onto centromere chromatin
between the end of mitosis and subsequent G1 phase of the cell cycle.
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An epigenetic mechanism is involved in the deposition of new CENP-A onto
chromatin regions with preexisting CENP-A. However, in vitro results suggested
that de novo CENP-A loading can also take place in interphase and on naked
centromeric DNA made of alpha satellite DNA. The reason why satellite DNA
could trigger such a complex chain reaction of events is not known. Similar to the
ability of CENP-A to induce kinetochore assembly (Guse et al. 2011) CENP-A
could be an important trigger for centromeric loop formation. Centromeric chro-
matin reconstitution was achieved with DNA sequences containing the CENP-B
box, a 17 bp element, which functions as a binding site for CENP-B protein
(Fachinetti et al. 2015). CENP-B protein has been recently shown to be required for
the stable loading of CENP-A on alpha satellite DNA (Fachinetti et al. 2015).
Although satellite DNA has not been described yet in X. laevis, repetitive sequences
containing a conserved CENP-B box able to bind X. laevis CENP-A have been
isolated (Edwards and Murray 2005). Therefore, it is possible that the presence of
CENP-B box facilitates recruitment of CENP-A onto human centromeric DNA in
egg extract possibly through CENP-B. Consistent with this hypothesis proteomic
analysis of centromeric chromatin assembled in egg extract revealed the selective
loading of a number of centromeric proteins (Aze et al. 2016) among which a
protein with weak homology to CENP-B. However, further studies are needed to
confirm that this protein is the true CENP-B ortholog.

Other proteins found enriched in centromeric chromatin in many species such as
condensins might be responsible for the centromere loop formation on satellite
DNA. How condensins are specifically loaded on satellite DNA is not known.
There could be a structural code in the repetitive DNA able to attract condensins
and other centromeric proteins promoting the formation of complex structures. The
existence of a structural code conserved from yeast to mammals has been proposed
and it is related to an internal dyadic symmetry of individual tandem repeats and
yeast centromeric sequences, which could give rise to mismatched hairpins (Koch
2000; Jonstrup et al. 2008). Some of these structures have been demonstrated
in vitro but their significance in vivo has never been explored. Condensins might
have affinity for hairpins and could recognize these structures. With the advent of
techniques such as Crisper/Cas9 satellite DNA could be modified to test the in vivo
relevance of this structural code. Condensins have also been implicated in the
assembly of CENP-A chromatin in Xenopus and human cells (Samoshkin et al.
2009; Bernad et al. 2011) but their precise role in the process is still unclear. Recent
work has shown that condensin subunit Cut3 in fission yeast mediates the orga-
nization of pericentromeric tandem repeats into a specific higher order structure,
which helps to restrict CENP-A loading to centromeres (He et al. 2016).
Interestingly, formation of neocentromeres triggered by CENP-A binding to
extra-centromeric sites which do not contain centromeric repeats frequently occurs
in genomic areas enriched for duplicated sequences (Marshall et al. 2008).
Therefore, the tandem repeats or closely duplicated sequences themselves might act
as signal to recruit condensins and CENP-A, giving rise to series of complex events
required to build a mature centromere.
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2 Mechanisms of Loop Formation

Several mechanisms of chromosome and centromere loop formation have been
proposed in the literature. One is that natural fluctuations of the polymer chains lead
to encounters that are stabilized by SMC proteins cohesin and condensin (Vasquez
et al. 2016). Using bead-springs to model chromosome arms as polymer chains we
have shown that domains of high interaction (intra-chromosome loops) arise nat-
urally from polymer thermodynamics without the need for other mechanical or
chemical potentials interacting via entropic potentials, such as the chromatin spring
and excluded volume forces. These regions are not static and vary from cell to cell.
In the centromere, such loops could be stabilized through the action of proteins such
as topoisomerases, and SMCs that increase the lifetime of a given loop. A second
model that has been proposed is the activity of loop extrusion enzymes (Alipour
and Marko 2012). In this model, SMC proteins act as a machine that threads DNA
into a loop as the enzymes translocate along the helix. There is considerable interest
in this model from recent studies using 3C and Hi-C techniques (Fudenberg et al.
2016; Goloborodko et al. 2016a, b).

Chromatin remodeling proteins have also been shown to be loop extruding
motors (De Cian et al. 2012; Sun et al. 2013), and may impart this function at the
centromere. The centromere is enriched in several members of various chromatin
remodeling protein families. Chromatin remodelers are able to mobilize nucleo-
somes, function to translocate linker DNA over the nucleosome, maintain
nucleosome-free regions, such as around promoters, and loop DNA to tune topo-
logical domains. The yeast Isw1 complex (Imitation switch) is of particular interest
as it has been shown in vitro to function as an inchworm that will form and
propagate intra-stand DNA looping (Fig. 4) (De Cian et al. 2012). Isw1 is a member
of the SWI/SNF ATPase complex and interacts with the centromere DNA-binding
factor CBF1 (Moreau et al. 2003). Cbf1 is required to recruit Isw1 to sites of
transcription (Moreau et al. 2003), and may recruit Isw1 to centromere as well.
Other members of this family of ATPases, including Snf2 (Gkikopoulos et al. 2011)
and PICH (Plk1-interacting checkpoint helicase) (Baumann et al. 2007) have been
shown to have a direct role in centromere function. The actin containing chromatin
remodeling ATPases have been implicated in chromatin structure of the pericentric
domain (Chambers et al. 2012). These enzymes are not essential for centromere
function, but mutations lead to decreased segregation fidelity. Their role in
sculpting chromatin loops is consistent with the experimental evidence and the
formation of loops may be a unifying function that enhances segregation fidelity.
Loops also exhibit features observed in RNA processing and lariat intermediates.
The base of secondary loops in the budding yeast centromere is proximal to the
spindle, where condensin and dyskerin (CBF5) are concentrated (Snider et al.
2014). Dyskerin is a pseudouridine synthetase associated with the snoRNP complex
(Zebarjadian et al. 1999). In other guises, these RNPs are able to make lariats (loops)
in processing introns from primary transcripts. While the function on RNA and
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ssDNA is targeted to single-strand nucleic acid, perhaps the pericentromeric
dyskerin-containing complexes have evolved a DNA based looping mechanism.

The Ndc10 protein of the CBF3 complex may also promote looping in the
pericentromere. Ndc10 binds CDEIII where it recruits Cse4 (Pearson et al. 2003),
but Ndc10 also localizes to pericentric chromatin along the spindle axis in live cells
(Bouck and Bloom 2005). Based upon its homology to tyrosine site-specific
recombinases, Ndc10 may be able to join distal sites to which it is bound (Jayaram
et al. 2015). If chromatin-bound Ndc10 oligomerizes through its dimerization
domain (Cho and Harrison 2012; Perriches and Singleton 2012), DNA loops will
emerge.

3 Centromere Inactivation and de Novo Activation

If cohesin is not holding sister centromeres together, considering they are separated
by 400–800 nm in metaphase, what other function might these molecules have.
Using transcription as a mechanism to functionally inactivate the centromere we
have found that cohesin contributes to the conformation of pericentric chromatin
that is favorable for kinetochore assembly (Tsabar et al. 2016). It is unlikely that
cohesin recruits kinetochore proteins as there are no direct interactions, and in vivo
the pericentric cohesion barrel is well separated from the kinetochore/microtubule
attachment complex (Yeh et al. 2008). It has been suggested that proteins such as
Sgo1 contribute to the bias that favors sister centromeres to face opposite poles
(Fernius and Hardwick 2007; Indjeian and Murray 2007). The barrel of pericentric
cohesin could be the physical manifestation of such a mechanism. By assembling
cohesin between sister centromeres, the centromeres will be inherently pushed
apart, thereby favoring them to lie on the surface of the chromosome.

Chromatin remodeling complexes may also be critical in centromere architec-
ture. Durand-Dubief (Durand-Dubief et al. 2012) found that like cohesin, the

Fig. 4 Isw1a, a member of
the SWI/SNF chromatin
remodeling family functions
as a loop extruding enzyme
in vitro, adapted from (De
Cian et al. 2012). Isw1
interacts with the yeast Cbf1
factor where it functions to
maintain nucleosome-free
regions at promoters. This and
other ATPases at centromere
could collectively promote
pericentromeric looping
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Swi/Snf-like chromatin remodeling complex, Fun30 contributes significantly to
centromere function when centromeres are transcriptionally inactivated. In fun30
mutants, cells containing a chromosome with a transcriptionally inactivated cen-
tromere as the only centromere are completely inviable. Fun30 is therefore required
to build a proper architecture that can compensate for centromere inactivation.
Fun30 shares a phenotype with another centromere component Chl4. Chl4 is a
non-essential kinetochore protein, associated with the inner kinetochore (Iml3 of
the Ctf19 complex that interacts with Ctf19, Ctf3 and Mif2). Both Chl4 and Fun30,
as well as Ctf19 are required for de novo centromere formation (Mythreye and
Bloom 2003; Laha et al. 2011; Durand-Dubief et al. 2012).

4 Centromere DNA Replication and Response to Stress

Repetitive DNA sequences are generally unstable and prone to recombination
(Branzei and Foiani 2010). The formation of positively supercoiled DNA loops
might help to compact centromeric chromatin preventing inappropriate recombi-
nation. However, this structure could act as barrier to DNA replication machinery
affecting the progression of replication fork. In this case the compact chromatin
structure could act as double edge sword, protecting repetitive DNA from recom-
bination on one hand and imposing replication roadblocks to replication fork
progression on the other hand. In addition centromeric repetitive sequences can
form secondary DNA structures such as hairpins with misaligned and mismatched
bases during DNA replication, when the double-stranded DNA is unwound. Such
hairpins have been described in vitro for individual satellite DNA repeats, which
harbor internal dyadic symmetry conserved from yeast to primates, promoting
in vitro self-annealing (Koch 2000; Jonstrup et al. 2008). Therefore chromatin and
DNA conformation could be the source of replication stress ultimately provoking
DNA breakage in the centromere. Inappropriate control of such stress together with
the abnormal forces exerted in mitosis on centromere regions could lead to cen-
tromere DNA breakage. Consistent with this idea is that centromeres appear to be
hotspots for chromosomal breakage and rearrangements in mammalian and yeast
cells (Simi et al. 1998; McFarlane and Humphrey 2010). Induction of replication
stress has also been linked to the formation of acentric broken chromosomes in
human cells, in which the centromeric protein staining is completely lost (Burrell
et al. 2013).

Surprisingly, reconstitution of centromeric chromatin revealed that centromeric
DNA was efficiently replicated and replication efficiency was comparable to
non-repetitive sequences (Aze et al. 2016). Therefore repetitive DNA did not cause
apparent problems to the replication apparatus. These findings indicated the pos-
sible presence of specialized factors bound to centromeric chromatin that could help
resolve replication roadblocks. Mass spectrometry analysis of the proteome asso-
ciated with replicating centromeric DNA revealed the enrichment of several DNA
repair and DNA structural proteins among which MSH2-6, the MRE11-RAD50
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complex, HMGB1-3, XRCC1, XRCC5/DNA-PK, PARP1, ERCC6L/PICH heli-
case and MUS81 endonuclease (Aze et al. 2016). Some of these proteins were
independently found on mouse centromeres (Saksouk et al. 2014). The accumu-
lation of many of these repair factors was abolished by Geminin, an inhibitor of
DNA replication fork assembly indicating that centromeric repair factors were
loaded in a replication-dependent fashion. In contrast, other common replication
players were underrepresented, such as the single-stranded DNA binding (ssDNA)
complex RPA and ATR activator TopBP1. Accumulation of these proteins on DNA
following induction of stalled replication forks was also diminished. Taken together
these results indicated that centromeric DNA replication likely requires accessory
DNA repair factors for accurate and efficient replication. This hypothesis was
directly tested for the MSH2-6 complex, whose absence compromised centromeric
replication. Furthermore, induction of replication stress by inhibition of DNA
polymerases induced further recruitment of the MSH2-6 complex. In the same
conditions accumulation of RPA, which usually follows formation of ssDNA
induced by fork uncoupling triggered by polymerase arrest was not observed. These
findings suggested that ssDNA arising at centromeric stalled forks does not get
exposed to RPA and likely forms secondary structures containing mismatched
bases, which attract MSH2-6.

Reduced RPA accumulation was also responsible for decreased levels of
TopBP1 protein and suppression of ATR-dependent CHK1 phosphorylation fol-
lowing induction of stalled replication forks (Aze et al. 2016). Suppression of the
ATR checkpoint was required for the efficient replication of repetitive centromeric
DNA as forced activation of the checkpoint by interference with topoisomerase
activity was indeed sufficient to selectively inhibit centromeric DNA replication.
These results revealed two unexpected features of centromeric chromatin. One is
that checkpoint suppression is an active phenomenon due to the topological
arrangement of the centromeric chromatin in positively supercoiled loops, whose
disruption restores the sensitivity to checkpoint activation. The second is that local
suppression of ATR signaling facilitates replication of centromeric repetitive DNA,
which would otherwise trigger continuous activation of ATR inhibiting replication
origin firing.

The physiological roles of checkpoint suppression and sensitivity of centromeric
DNA replication to its activation are unclear at the moment. One possibility is that
ATR-dependent inhibition of centromeric DNA replication could play a role in
preventing unscheduled chromosome segregation in response to stalled forks
elsewhere on the chromosome. This could confer a selective advantage to chro-
mosomes bearing DNA repeats at centromeres. It is worth noticing that similar to
centromeric DNA other repetitive DNA regions such as the telomeres suppress
checkpoint activation, form large loops and are organized in positively supercoiled
domains (Benarroch-Popivker et al. 2016) indicating that there might be similarities
between telomeres and centromeres in the way DNA is organized and respond to
stress.

528 K. Bloom and V. Costanzo



5 Centromere Breakage and Repair

Replication stress, topological constraints and pulling forces exerted on centromeres
during chromosomes segregation might all cause centromere double strand break
(DSBs). Recent evidence obtained in cancer cell lines documented increased
incidence of DSBs at centromeres following replication stress induced by aphidi-
colin (Crosetto et al. 2013). The occurrence of DSBs at centromeres following
replication stress could explain the centromeric enrichment of DNA repair such as
DNA-PK, PARP1, MRE11 and MUS81 (Aze et al. 2016). These proteins are all
involved at some level in DSB processing and repair, suggesting the occurrence of
ongoing DSB repair at centromeres. Alternatively, DSB repair proteins might
accumulate following induction of reversed forks (RFs), which form after the
annealing of nascent DNA strands at stalled replication intermediates and mimic the
occurrence of DSBs being double stranded (Errico et al. 2014). RFs might fre-
quently occur on centromeric DNA due to their repetitive nature and might require
nuclease such as MRE11 or MUS81 to be removed. DSBs might also occur during
incomplete DNA decatenation, which requires Topoisomerase II as it is prevented
by Topoisomerase II inhibitors (Liu et al. 2014). Interference with DNA decate-
nation induces formation at centromeres of ultrafine bridges (UFBs), mitotic DNA
structures visible in the anaphase of mitosis due to the pulling of incompletely
replicated or processed DNA intermediates during chromosome segregation (Liu
et al. 2014), which could generate centromeric DSBs.

DSBs at centromeres could be rapidly rejoined through different DSB repair
pathways. Centromeric DNA repair events might be facilitated by the presence of
tandem repeats. Localization of homologous recombination (HR) and
non-homologous end joining (NHEJ) repair proteins on DSBs centromeres has
recently been confirmed in mammalian cells (Tsouroula et al. 2016). Interestingly,
differently from other regions of the chromosome centromeric DSBs induced by
Crispr/Cas9 were shown to bind both NHEJ and HR in all phases of the cell cycle,
suggesting that both pathways are active at all times. Among the HR pathways
single-strand annealing (SSA) and synthesis-dependent strand annealing (SDSA),
might be particularly facilitated by repetitive sequences (Paques et al. 1998; Paques
and Haber 1999). In SSA one end of the DSB with exposed ssDNA anneals to the
other end and this event is facilitated by the presence of duplicated sequences.
During SDSA the annealing phase is followed by replication-mediated extension of
the invading strand, which uses the homologous sequence as template. Multiple
direct repeats, as found in human centromeres, might also contribute to generate
large ring structures via recombination between distant homologous direct repeats.
Pairing between homologous sequences might stabilize such large rings. Abnormal
metabolism and resolution of recombination products between these direct repeats
would instead release the ring from the chromosome, forming extra-chromosomal
circular molecules. Many extra-chromosomal circles of centromeric DNA have
been observed to accumulate after replication stress in several species (Cohen et al.
2003; Cohen and Segal 2009).
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Although studies of satellite-less neocentromeres have overshadowed the pos-
sible importance of repetitive DNA in established centromeres these observations
indicate that the centromere might require repetitive DNA to ensure its optimal
function, particularly under stress. It is likely that DNA repeats are actively
maintained notwithstanding their problematic replication for a number of advan-
tageous features such as promoting efficient repair of centromeres in case of
breakage and functioning as checkpoint sensitive zone of the replication check-
point. Unregulated recombination between repeated sequences could lead to the
complete or partial loss of centromeric DNA following replication stress.
Furthermore, abnormal resolution of SSA and SDSA repair events could promote
contraction and expansion cycles of the intervening DNA repeats, respectively
(Paques et al. 1998; Paques and Haber 1999). Loss of repetitive DNA could result
in the shortening of centromeres in older cells, which have undergone several cell
cycles. Centromere deterioration has been indeed observed in aging women
although it is not clear if this depends on DNA replication (Nakagome et al. 1984).

6 Repetitive DNA and Loops Generate Centromere Force

The bottlebrush centromere provides a mechanistic understanding for the role of
repeat DNA in the centromere and addresses several outstanding problems
(Lawrimore et al. 2016). First, the organization of repeats into DNA loops via
another SMC family member cohesin, has been well documented in the nucleolus
(Harris et al. 2014). Second, the bottlebrush provides a physical basis for how a
floppy DNA chain can be converted into a stiff (relative to an entropic chain)
spring. A fluctuating chain in a thermal bath will find the most entropically favored
state, that of a random coil, as a random coil chain is the most disordered. The
addition of side chains relative to the primary chain (or primary axis), limits the
ability of the primary chain to adopt a random coil, through limiting the number of
states the primary chain can adopt. Additional side chains further restrict the motion
of the primary axis until a point where they generate tension along the axis. In this
fashion, enthalpic energy put into making chains, results in entropic forces of the
brush where side chain fluctuation amplifies tension along the primary axis. Thus
chromatin loops significantly change the state of the centromere from a floppy
chromatin polymer into a stiff chromatin network.

The chromatin loops provide a mechanism for buffering changes in tension
resulting from microtubule dynamics. Kinetochore microtubules are in a constant
state of flux, and rare persistent growth and/or shortening events could result in
large local changes in tension at individual kinetochores. DNA loops compensate
for large changes in kinetochore microtubule length through their ability to convert
between looped and stretched states (Stephens et al. 2013a). The looped state is
radially displaced from the spindle axis. Increased tension at the kinetochore exerts
a pulling force at the base of the loop, switching the loop to the stretched state and
increasing the length of DNA along the spindle axis. The increase in axial DNA
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compensates for kinetochore microtubule shortening. Likewise persistent micro-
tubule growth events will bias the DNA into the looped state, decreasing the length
of axial DNA. Thus pericentric loops buffer the system such that tension can be
maintained on a landscape of dynamic kinetochore microtubules.

The bottlebrush also helps us understand how the centromere retains morphol-
ogy (and cohesin its uniform barrel structure) in a dynamic system where individual
chromatin chains are fluctuating and microtubules are constantly prodding and
probing the kinetochore resulting in its deformation surface of the centromere
(Magidson et al. 2016). Chromosomes, like slip link gels are known to retain their
elastic and tensile moduli properties over several orders of magnitude (Okumura
and Ito 2001; Granick and Rubinstein 2004; Bloom and Joglekar 2010). It has been
known for almost half a century that chromosomes expand and contract upon
removal and return of mono- and divalent ions (Lezzi and Gilbert 1970), and
depending on the treatment retain their original structure (e.g. such as their
macroscopic banding pattern). The concentration of ring complexes such as cohesin
and condensin in the pericentromere may be indicative of the slip-link property of
centromeres. These complexes are able to compact chromatin, and in the case of
cohesin, is able to compact DNA against a force of 0.45 pN (Sun et al. 2013).

7 Repeat Stability and Chromosome Loss

Loss of centromeric DNA repeats due to incorrect duplication or repair might
ultimately cause impairment of microtubule attachment to chromosome.
Replication stress has indeed been shown to be a primary cause of chromosome
number abnormalities and instability (CIN) in cancer cells (Burrell et al. 2013).
Complete loss of centromeric DNA following replication stress could indeed lead to
segregation errors due to lack of functional kinetochores in case of acentric chro-
mosomes, which are frequently encountered in CIN+ cells. This would suggest a
pre-mitotic origin of some chromosome segregation errors (Burrell et al. 2013).
This view was recently challenged by observations that the occurrence of acentric
chromosomes is limited compared to whole lagging chromosomes caused by pri-
mary mitotic segregation errors in CIN+ cells (Bakhoum et al. 2014). However,
complete loss of centromeric DNA causing formation of acentric chromosomes
might not be the only pre-mitotic cause of chromosome segregation errors. A more
limited loss of centromeric DNA similar to centromere degeneration observed in
older cells, which is more difficult to detect by fluorescence-based techniques than
complete loss, could lead to the formation of centromeres with suboptimal
function. Some of these suboptimal centromeres might be responsible for
microtubule-chromosome attachment problems leading to the formation of lagging
chromosomes.

Among chromosome-microtubule issues there is merotelic attachment in which
spindle fibers from both poles attach to a single kinetochore. This condition is
particularly dangerous for chromosome stability as it often causes the occurrence of
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lagging chromosomes not sensed by the mitotic checkpoint apparatus. Lagging
chromosomes can be inherited as extra-chromosomes in one of the daughter cells
(Santaguida and Amon 2015). This extra chromosome could end up in micronuclei,
in which replication and repair is inefficient due to limited availability of nuclear
factors predisposing to catastrophic events such as chromosome pulverization
(Crasta et al. 2012). In this case a small change in the centromeric DNA structure
leading to weakening of chromosome attachment to spindle might lead to catas-
trophic consequences.

Merotelic attachment of mitotic origin uncorrected by the classic mitotic
checkpoints could also generate forces sufficiently strong to physically shear the
centromere leading to chromosome breakage (Guerrero et al. 2010). Loss of cen-
tromeric DNA and decreased loop formation could make the centromeric chromatin
less resistant to such forces and more prone to break. Incomplete maturation and
decreased levels of entanglements due to centromeric DNA abnormalities might
also weaken the centromeric spring. Therefore, although it is not clear whether
forces generated during mitosis are strong enough to break the normal chromatin or
DNA structure present at centromeres (Ganem and Pellman 2012), centromere
weakening might lower the tolerance to this type of mechanical stress.

Centromere DNA breakage might be an early event in cellular transformation.
Inappropriate repair of centromere breakage in cells combined to inefficient DNA
repair might predispose to breakage-fusion-bridge (BFB) cycles generating further
chromosome instability (Martinez and van Wely 2011; Forsburg 2013). The BFB
cycle has initially been described for telomeric end regions of chromosomes.
However, although the telomere fusion hypothesis is believed to be the major
engine of BFB it does not explain frequent loss and gains of whole chromosome
arms in tumors (Beroukhim et al. 2010; Martinez and van Wely 2011; Forsburg
2013). Furthermore, cytogenetic and microarray analysis of breakage-fusion sites
revealed frequent occurrence of tandem fusions of chromosome arms with parallel
orientation containing interstitial centromere and telomere sequences (Martinez and
van Wely 2011). Such events likely derive from a whole chromosome arm pro-
duced by centromere breakage that fused to an unprotected telomere of an intact
chromosome, leading to the formation of a dicentric chromosome with two
centromere-kinetochores structures. Dicentric chromosomes could undergo further
breakage at random places when pulled by the spindle fibers bound to old and new
centromeres. These events account for more than 50% of chromosome translocation
in some tumors, whereas telomere–telomere fusions with antiparallel orientation
produced by telomere erosion constitute only 1% of total translocations when
analyzed with classical cytogenetic techniques (Martinez and van Wely 2011).
These observations strongly suggest that centromere breakage is a major event in
the BFB cycle.

To better understand these processes at molecular and structural level the
genomic structure of centromeric DNA should be better characterized and anno-
tated. The identification of unique non-repetitive sequences interspersed in cen-
tromeric DNA might be useful to design probes to monitor stability of centromeric
DNA during cell cycle in unchallenged and stressful conditions. Such tools could
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be used to test the occurrence of contraction and expansion cycles at repetitive
centromeric DNA during unperturbed and challenged DNA replication. These
studies could help understanding why these repetitive DNA sequences are retained
despite their problematic maintenance. Understanding how these processes occur at
molecular level will therefore be essential to clarify the origin of genome instability
predisposing to cancer.
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The Role of Centromere Defects in Cancer

Thian Thian Beh and Paul Kalitsis

Abstract The accurate segregation of chromosomes to daughter cells is essential
for healthy development to occur. Imbalances in chromosome number have long
been associated with cancers amongst other medical disorders. Little is known
whether abnormal chromosome numbers are an early contributor to the cancer
progression pathway. Centromere DNA and protein defects are known to impact on
the fidelity of chromosome segregation in cell and model systems. In this chapter
we discuss recent developments in understanding the contribution of centromere
abnormalities at the protein and DNA level and their role in cancer in human and
mouse systems.

1 Cancer

Cancer, in the simplest textbook definition, is a disease where the balance between
cellular proliferation and cell death has been distorted in favour of proliferation,
causing uncontrollable cellular growth giving rise to tumours. However, the tumour
mass itself is not homogeneous but instead is a complex tissue containing different
interacting cell types—tumour-originating cells and also recruited normal cells,
termed tumour-associated stromal cells, which have been found to play an active
role in tumorigenesis (Hanahan and Weinberg 2011). Hence, the current endeav-
ours in cancer research also encompass the role of the tumour microenvironment in
tumour progression.

The appearance or phenotype of the different cancer cells has been used as the
standard practice in cancer diagnosis and classification. These classifications could
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include the cell-type origin of the cancer cells, the primary organ where the cancer
cells were suspected to originate from, tumour staging and histopathological
grading. In current practice, however, cytogenetic, genetic and protein marker
information commonly further supplement the pathological analyses, enhancing the
precision in diagnosis and subsequent treatment selection and prognosis of the
disease (Song et al. 2015). Nevertheless, even after being defined by the conven-
tional classification systems aforementioned, these different categories of cancer
remain highly heterogeneous.

The complexity of cancer had therefore spurred the quest for biomarkers—a
‘signature’ or combination of genetic, epigenetic and protein level data, to better
delineate the types of cancer. Such effort highlights the progress of the cancer
research field towards precision medicine and targeted therapies. One of the major
areas that have been proven to be useful for diagnosis of cancer is molecular
cytogenetics. This area of research emerged owing to the discovery of the
Philadelphia chromosome (translocation between chromosomes 9 and 22) in
chronic myelogenous leukaemia (CML), the first evidence indicating that cancer is
a genetic disease, and its ensuing development was due to the subsequent
advancement in cytogenetic and then genomic technologies (Nowell 2007;
Danielsen et al. 2016).

2 Aneuploidy and Cancer

2.1 What is Aneuploidy?

In humans, the normal number of chromosomes in somatic cells is 46 which was
discovered in 1956 by Tjio and Levan (Tjio and Levan 1956). This discovery was
made possible due to the use of the hypotonic shock method [first described in 1934
by Eleanor Slifer (Slifer 1934)] which improved the spread of nuclear content and
the advent of cell culture technique combined with the use of colchicine treatment
to release the chromosomes from spindle microtubules, increase the number of
metaphase cells and to give the appearance of more condensed chromosomes
(Gartler 2006).

Euploid refers to the exact multiple of the haploid chromosome complement and
when the euploidy is more than two (diploidy), it is termed polyploidy. Aneuploidy
(‘not euploidy’), on the other hand, is the term subsequently coined to describe the
karyotypic state deviating from the haploid multiple of chromosome number. It
encompasses gain or loss of whole chromosome and chromosomal segments, ter-
med whole chromosome aneuploidy and segmental or structural chromosome
aneuploidy, respectively (Pavelka et al. 2010; Thompson and Compton 2011; Orr
et al. 2015). Chromosome instability usually refers to the process of gains and loss
of chromosomes leading to an aneuploidy state. The terms can often be
interchanged.
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2.2 Different Forms of Aneuploidy

Aneuploidy, especially in the short-term of its occurrence, generates large-scale
gene copy number changes within the cells and had been demonstrated to cause
transcriptomic and proteomic stresses which compromise the proliferative capa-
bility of these cells (Santaguida and Amon 2015; Dürrbaum and Storchová 2016).
Hence, constitutional whole chromosome aneuploidies resulting from chromosome
mis-segregation during germ cell formation often cause embryonic lethality and
pregnancy loss at different stages, except for a small percentage of affected foetuses
that developed to full term—the most common being trisomy 21 or better known as
Down syndrome (Nagaoka et al. 2012; Santaguida and Amon 2015).

Somatic aneuploidies are also rare and have only been reported in a handful of
congenital diseases such as mosaic variegated aneuploidy (MVA). MVA is diag-
nosed based on the cytogenetic observation where a fraction of cells are aneuploid
and are commonly co-occurring with clinical features namely microcephaly, mental
retardation and growth delay (Callier et al. 2005). BUB1B, was not only the first
gene found to be associated with MVA but also the first mitotic spindle assembly
checkpoint (SAC) gene where its allelic mutations in the germ-line were linked to a
human disease (Hanks et al. 2004). Furthermore, BUB1B localises to kinetochores
of chromosomes that have yet to attach to mitotic spindles in a bi-orientated
manner.

2.3 How is Aneuploidy Linked to Cancer?

The potential causal link between aneuploidy and cancer advancement was pro-
posed back in 1914 by Theodor Boveri (Boveri 1914). To date, the presence of
aneuploid cells were found in approximately 90% of solid tumours and 50% of
haematopoietic cancers (Mitelman et al. 2017). This high occurrence of aneuploidy
especially in solid tumours combined with the rare incidence of non-malignancy-
related aneuploidies led to the postulation that early carcinogenesis is sensitive to
balancing the dosage effect from the copy number changes of oncogenes and
tumour suppressors until tolerance is later acquired further advancing cancer
development (Martínez-A and van Wely 2011; Santaguida and Amon 2015).
Loss-of-function of some of the key tumour suppressors for instance Tp53 in mice
(Baker et al. 2009) and deubiquitinating enzyme Ubp6 (mammalian homolog
USP14) in yeast (Torres et al. 2010), and tetraploidisation of the cellular genome
were proposed as some of the mechanisms that promote tolerance for aneuploidy
(Gordon et al. 2012; Dewhurst et al. 2014).

One of the phenomena most highly associated with aneuploidy in the context of
cancer is chromosomal instability (CIN). CIN is the rate of karyotypic change due
to the gain or loss of whole (or part of) chromosomes during cell division which
leads to the generation of cells with abnormal number (or organisation) of
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chromosomes (Holland and Cleveland 2009; Danielsen et al. 2016). CIN is
believed to be the driver of cancer cell evolution and intratumor heterogeneity while
both CIN and aneuploidy have been associated with poor prognostic outcome and
resistance to therapy (Holland and Cleveland 2012).

3 Whole Chromosome Instability in Cancer

The centromere of mammalian chromosomes is made up of a tandemly repeated
satellite DNA platform spanning up to several megabases unto which around 100
proteins assemble to form a mature mitotic structure known as the kinetochore
(Fukagawa and Earnshaw 2014). A properly functioning centromere and its asso-
ciated kinetochore are crucial in determining the fidelity of chromosome segrega-
tion during cell division. The centromere is the final locus of cohesion for sister
chromatids before the SAC is satisfied and the cell signals to proceed into the
irreversible transition from metaphase to anaphase. Hence, defects in the cen-
tromere- and kinetochore-associated component proteins have been proposed to
contribute to aneuploidy (as an outcome of whole chromosome instability) (Orr
et al. 2015). These include; (i) defective SAC components that fail in temporally
halting the onset of anaphase, (ii) the failure of proteins involved in regulating the
dynamics of kinetochore-microtubule interactions and (iii) the weakening of the
chromosome cohesion complex causing premature separation of sister chromatids.

The first clues that mutations in kinetochore genes had a link with aneuploidy
and cancer emerged from the association with functional mutations of the BUB1
gene in colon cancers (Cahill et al. 1998). SAC gene mutations displayed whole
chromosome instability in contrast to previously identified colon cancer genes,
which were characterised by microsatellite DNA instability linked to germ-line
mutations of DNA mismatch repair genes.

More convincing evidence that kinetochore genes had a direct role in cancer
predisposition arose from patients of MVA with germ-line BUB1B/BUBR1 bial-
lelic missense mutations, mentioned in the previous section. Affected individuals
also have a higher risk of developing cancer such as leukaemia, rhabdomyosarcoma
and Wilms tumour (Hanks et al. 2004). Further karyotypic analyses performed on
the cultured patient-derived fibroblast and lymphoblastoid cell lines showed
ongoing segregation defect without preference for any chromosomes (Hanks and
Rahman 2005). This suggests that a basal level of CIN exists in these MVA cells
but the connection to cancer progression remained to be clarified.

Further evidence is beginning to accumulate for the association of SAC genes in
cancer predisposition from patients with germ-line mutations. Haploinsufficient or
heterozygous mutations of BUB1 and BUB3 have been identified in a small pro-
portion of individuals with early-onset colon cancer (de Voer et al. 2013).
Furthermore, cells from affected patients exhibit aneuploidy in multiple tissue
types, showing that the mutations have a constitutive effect.
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Since these initial findings of SAC gene mutations contributing to aneuploidy
and cancer, many additional studies have reported the association of SAC and other
kinetochore gene mutations and over-expression in a variety of cancer types.
The challenge for researchers is to confirm the role of these mutations and
mis-expression against the spectrum of many other gene mutations and structural
variation observed in human cancer cells. High-throughput genomic technologies
and mouse modelling is beginning to have an impact in this knowledge gap.

3.1 Kinetochore Mutation Modelling in Mouse

To understand the role of mutations and aberrant expression of kinetochore genes
and cancer predisposition, researchers have tested this link using transgenic mouse
models. Most reported studies have focussed on SAC genes (Table 1). Bub1b has
been of special interest because of its link with premature ageing and aneuploidy in
humans. Decreasing expression to half or less produces chromosome instability,
tumour increase and decreased lifespan (Dai et al. 2004; Baker et al. 2004;
Wijshake et al. 2012). By contrast, over-expression of Bub1b reduces aneuploidy
rates in mutant backgrounds, protects against cancer and increases lifespan (Baker
et al. 2013). It remains to be seen if sequence variants of BUB1B have any effect on
longevity in humans.

Reducing the levels of other SAC proteins confirms the link between increased
aneuploidy and cancer rates. Some cancer predisposition effects can be subtle and
only surface when challenged with chemicals that damage DNA or microtubule
spindles (Table 1). Another common phenotype is a reduced lifespan or premature
aging which supports the hypothesis that elevated aneuploidy impacts on cell
survival rates.

The kinetochore motor protein, Cenpe, follows similar trends in aneuploidy and
cancer phenotypes when expression is reduced to half, however, higher rates of
aneuploidy can have a protective effect in certain tissue types since cells die from too
much genomic imbalance (Weaver et al. 2007; Silk et al. 2013). The Hec1 gene was
originally named “highly expressed in cancer” and is a part of the Ndc80 structural
sub-complex that links the kinetochore to spindle microtubules. This gene has also
been subject to inducible tissue specific over-expression which leads to aneuploidy
and tumour formation (Diaz-Rodríguez et al. 2008). In a similar conditional
over-expression study, the chromosome passenger protein, Aurora kinase B (Aurkb)
was shown to increase chromosome mis-segregation events and elevate tumour
incidence by suppressing the cell cycle inhibitor p21(Cip1) (González-Loyola et al.
2015).

Many reports in human cancers have described increased expression levels in
kinetochore genes (discussed in Sects. 3.1 and 5) but it is not clear whether the
aberrant expression significantly contributes to cancer progression. Conditional
over-expression of kinetochore genes in mouse models supports the hypothesis that
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Table 1 Mouse kinetochore mutant models and cancer predisposition

Functional
group

Gene Expression Aneuploidy Cancer References

KMN
network

Ndc80/Hec1 Over Yes Yes Diaz-Rodríguez
et al. (2008)

Spindle
assembly
checkpoint
complex

Bub1 Haplo Yes Yes—
tumour
suppressor
dependent

Baker et al.
(2009)

Hypo Yes Yes Schliekelman
et al. (2009)

Over Yes Yes Ricke et al.
(2011)

Bub3 Haplo Yes No Kalitsis et al.
(2005)

Haplo Yes Yes—
carcinogen
induced

Babu et al. (2003)

Bubr1 Hypo Yes Yes—
carcinogen
induced

Baker et al.
(2004)

Haplo Yes Yes Dai et al. (2004)

Over No No Baker et al.
(2013)

Haplo Yes Yes—
carcinogen
induced

Wijshake et al.
(2012)

Mad1 Haplo Yes Yes and
microtubule
poison
induced

Iwanaga et al.
(2007)

Mad2 Haplo Yes Yes Dobles et al.
(2000), Michel
et al. (2001)

Over Yes Yes Sotillo et al.
(2007)

Mps1 Deleted
kinetochore
localisation
domain

Yes Yes Foijer et al.
(2014)

Chromosome
passenger
complex

Aurkb Over Yes Yes González-Loyola
et al. (2015)

Motor protein Cenpe Haplo Yes Yes–no Weaver et al.
(2007), Silk et al.
(2013)

Expression categories; expression levels are higher than endogenous (over), half of endogenous
(haplo) and less than half of endogenous (hypo)
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mis-expression can be a driver of aneuploidy followed by tumour formation, with
Bub1b over-expression being the exception (Table 1).

3.2 Kinetochore Gene Over-expression in Human Cancers

Whether kinetochore gene over-expression is involved in the early steps of cancer
progression remains a hotly debated topic. One study supports an alternative
hypothesis that mis-regulation of a key cell cycle transcription factor, FoxM1,
which binds to most cell division promoters drive kinetochore gene mis-expression
(Thiru et al. 2014). Upon analysing the publicly available expression compendia of
human normal tissues and cancer samples, core kinetochore genes (which encode
proteins functioning exclusively at the kinetochores) were found to be co-ordinately
upregulated in cancers. Their upregulation coincided with the increased expression
of other cell cycle and DNA replication genes suggesting a widespread activation of
the cell division programme potentially poising the cells for division whenever the
signal for cell cycle entry is received (Thiru et al. 2014). This concerted
mis-expression of the core kinetochore genes may affect the stoichiometric balance
of the protein complex and its probable connection with CIN and aneuploidy
warrants further investigation. However, kinetochore gene mis-expression may still
be a useful biomarker for cancer diagnosis (see Sect. 5).

4 Centromere-driven Structural Chromosome
Instability in Cancer

In addition to aneuploidies, solid tumours exhibit complex karyotypes with high
level of chromosomal aberrations (Thompson and Compton 2011). Complex
rearrangements involving gains and losses of chromosomal segments generate
structural rearrangements. These genome rearrangements contrast to aneuploidies
and were thought to be caused by the defects in DNA replication, DNA decate-
nation, DNA repair, and also by telomere dysfunction and chromothripsis (Orr et al.
2015).

In malignancies, telomere crisis is where the telomere caps of the chromosomes
are shortened to a critical length and produce chromosomes with sticky ends. These
eroded chromosome ends can then fuse to other chromosomes giving rise to
dicentric chromosomes (Fig. 1) (Mackinnon and Campbell 2011). Another route
that produces dicentric chromosomes is a translocation event where a dicentric
chromosome arises from a reciprocal exchange of the segments of two chromo-
somes carrying a centromere each and in parallel, an acentric chromosomal frag-
ment is also produced (Mackinnon and Campbell 2011; Sarova et al. 2016).
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Dicentric chromosomes in cancers especially in (acute myeloid leukaemia) AML
have been associated with complex karyotype and patients exhibiting complex
karyotypes were reported to have bad clinical prognoses (Haferlach et al. 2012;
Valcárcel et al. 2013; Sarova et al. 2016). Mechanistically, the presence of two
functional centromeres on dicentric chromosomes poses the possibility of the two
kinetochores on the same sister chromatid being attached to microtubules ema-
nating from the opposite spindle poles (Fig. 1) (Beh and Kalitsis 2015). Hence, the
probability of chromosome mis-segregation and chromosome breakage from ana-
phase to cytokinesis, is increased which might then cause further propagation of
chromosomal rearrangements in subsequent cell cycles (Lo et al. 2002).

The classical process associated with the formation of dicentric chromosomes is
the breakage-fusion-bridge (BFB) cycle, first described in maize by Barbara
McClintock in 1939 (McClintock 1939). Dicentric chromosomes, either in linear or
ring form, were thought to be mitotically unstable and were prone to undergo BFB.
Hence, the occurrence of dicentrics combined with the increased tolerance for
chromosome damage (as an outcome of BFB) in malignant cells had been postu-
lated as the mechanism that generates constant genomic reorganisation and
intra-tumour heterogeneity in cancer progression (Gisselsson et al. 2000).

Chromothripsis, a term first coined in 2011 to mean chromosome shattering,
usually of one chromosome (Stephens et al. 2011). More recently, this mechanism
has been linked to dicentric chromosomes (Fig. 1) reported in a study into paedi-
atric acute lymphoblastic leukaemia (ALL) (Li et al. 2014). Li et al. (2014)

or

break fusionshatteringdicentric twist join

C D

or

A B

Fig. 1 Mechanism of dicentric-driven chromosome rearrangements. Initial chromosomal rear-
rangement is shown as two alternative forms. A Telomere attrition of two chromosome ends shown
as a straight line, or B unbalanced translocation producing a functional dicentric chromosome (two
active centromeres, circles). After DNA replication sister chromatids can twist between the two
centromeres if they are sufficiently far apart. This event results in the centromeres of each
chromatid binding to microtubules from opposite spindle poles. At the onset of chromosome
segregation, each chromatid is pulled and C produces a chromosome bridge that is cut in G1 phase
and prone to shattering, repair and joining, D alternatively, the dicentric chromosome stretches and
breaks at a single site after cell division and can fuse to another chromosome (yellow-green). The
generation of new dicentrics can perpetuate the breakage-fusion-bridge cycle
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proposed that the combination of both mechanisms aforementioned, chromothripsis
and BFB cycles, led to the generation of recurrent intrachromosomal amplification
of chromosome 21 (iAMP21) which makes up 2% of the most common paediatric
cancer, ALL. They categorised iAMP21 into two major forms; (i) sporadic cases
that arose from telomere attrition or breakage of chromosome 21 followed by the
fusion of sister chromatids generating a dicentric chromosome and BFB cycles
which amplified the chromosome 21 regions before chromothripsis, and (ii) con-
stitutional Robertsonian chromosome translocation (15;21) [rob(15;21)].
Robertsonian translocations involve inter-recombination events within the short
arm region of acrocentric chromosomes. Human cells contain five acrocentric
chromosomes, comprising; 13, 14, 15, 21 and 22. The translocation product can
result from different combinations of the acrocentric chromosomes with the two
originating centromeres located adjacent to one another. The occurrence of
Robertsonian translocations is approximately 1 in 1000 live births (Jacobs et al.
1992), with the rob(15;21) translocation comprising only 1% of these. The presence
of the rob(15;21) chromosome in an individual elevates the risk of ALL by a factor
of 2700 (Li et al. 2014). Leukaemia cells from rob(15:21) patients show evidence of
chromothripsis followed by duplication of the reassembled chromosome, similar to
the model shown in Fig. 1. This was the first study to suggest that the dicentric
chromosome is a trigger of chromothripsis and that the amplification of DNA
segments are produced via the sequential effect of the two phenomena—BFB (with
observable chromosome bridge intermediates) and chromothripsis. It still remains
to be shown whether the two centromeres of the dicentric rob(15;21) chromosome
remain active in all cells or whether one centromere is inactivated to stabilise the
chromosome during cell division.

Another recent report describing the involvement of structural centromere
aberrations in cancer development was in the appearance of giant rod or ring
chromosomes also known as neochromosomes, commonly found in liposarcomas
(Garsed et al. 2014). A single neochromosome was sorted from other chromosomes
and sequenced. The sequencing revealed amplification of chromosomal segments
containing oncogenes and evidence of multiple rounds of BFB. Interestingly, the
appearance of a non-satellite DNA repeat centromere (neocentromere) was specu-
lated to have arisen through the erosion of a canonical centromere (Kalitsis and
Choo 2012).

4.1 Dicentric Chromosome Induction

Experimental systems employing mouse and human cell lines have been developed
to test the link between the formation of a dicentric chromosome and the effects on
genome instability and cancer predisposition. In the first study, a single dicentric
chromosome was induced by the activation of an ectopic centromere on a single
chromosome (Gascoigne and Cheeseman 2013). After dicentric induction,
the chromosome failed to segregate accurately and showed complex genomic
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rearrangements. Furthermore, in vitro studies of the rearranged cell lines displayed
hallmarks cellular transformation. In the second study, the human RPE-1 cell line
was used to induce telomere fusions with the aid of an inducible dominant-negative
allele of the telomere binding protein, TRF2 (Maciejowski et al. 2015). Dicentric
chromosomes appeared via telomere fusions and were tracked using live-cell
imaging. These chromosomes also showed signs of chromosome mis-segregation,
DNA breakage and chromothripsis. Interestingly, the investigators show that the
dicentric chromosome did not break in anaphase but actually later in G1 phase with
the aid of 3′ repair exonuclease 1 (TREX1). More in vivo modelling experiments
are needed to establish the link between dicentric chromosome formation and
cancer predisposition.

5 Centromere Abnormalities as Biomarkers of Cancer

As aneuploidy has been associated with poor prognostic outcome for the different
subtypes of various malignancies, it has been proposed that aneuploidy should be
used as a biomarker to supplement the conventionally used clinicopathological
information such as tumour stage, histological grade and other subtype-specific
molecular markers (Danielsen et al. 2016).

Similarly, the presence of dicentric chromosomes could also be used as a sup-
plementary biomarker, possibly as an indirect measure of ongoing aneuploidy and
genome rearrangements, in assessing cancer. This had been demonstrated in a study
where the presence of dicentric chromosomes was used alongside other cytogenetic
and genomic information in the classification, risk stratification and subsequent
treatment selection for the patients of childhood ALL (Moorman et al. 2014).

In a more recent study, the number of dicentric chromosomes present in an AML
patient’s cells served as a prognostic marker as exemplified by the significant
difference in median survival between the group of patients with a single dicentric
chromosome and the group with three dicentric chromosomes—5.8 months versus
1.8 months, respectively (Sarova et al. 2016). Further investigations will need to be
carried out to determine the prognostic value of dicentric chromosomes in other
cancer types besides ALL and AML aforementioned.

Gene expression of tumour samples has also been a valuable tool for the
assessment and refinement of treatment of cancers. Most recently, a quantitative
expression scoring system, Centromere and kinetochore gene Expression Score
(CES) has been devised and scores were generated from 14 centromere and kine-
tochore protein genes. The data were used in a hypothesis-driven study to test the
prognostic and predictive value of these mis-expressed genes in cancer patients
(Zhang et al. 2016). All of the 14 genes were found to be upregulated, concurring
with the finding of Thiru et al. (2014). High CES indicated undesirable patient
outcomes including metastasis and poor overall survival, and was also shown to
correlate with high genomic instability which sensitised these tumours to genotoxic
agents. Hence, the CES system was demonstrated to have the ability to not only
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prognosticate cancer patients but also effectively predict clinical response to both
adjuvant and radiotherapy (Zhang et al. 2016).

6 Conclusion

Evidence from patients and experimental model systems is beginning to accumulate
in support for a role of centromere defects in cancer predisposition and progression.
A group of kinetochore proteins involved in SAC signalling is especially noted for
their involvement in increasing aneuploidy rates and risk of tumour progression.
Other kinetochore genes have also been reported in cancers. The decreasing cost in
genomic technologies will greatly assist in assessing whether other centromere and
kinetochore genes contribute to the cancer burden in the aging human population.
Furthermore, experimental model systems have and will continue to be employed in
dissecting the role candidate genes and sequence variants. Centromere DNA
abnormalities in the form of dicentric chromosomes are additionally being linked to
further genomic instability which is a common feature of the cancer cell.
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