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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
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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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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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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

Critical Foundation of the Kinetochore … 37



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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The native centromere flanked by loxP sites is removed by Cre recombinase. Functionality of the
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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,
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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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(CENP-A chromatin)

Centromere drift

CCAN

Wild Type

Centromere
(CENP-A chromatin)

Centromere drift

Unstable CCAN

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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constitutively localizes to the centromere during the cell cycle. However, interaction network
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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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