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Centromeres play essential roles in equal chromosome

segregation by directing the assembly of the microtubule

binding kinetochore and serving as the cohesion site between

sister chromatids. Here, we review the significant recent

progress in our understanding of centromere protein assembly

and how centromere proteins form the foundation of the

kinetochore.
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Introduction
Eukaryotic organisms package their genomic DNA into a

number of physically distinct chromosomes, which are

replicated and equally segregated during each cell cycle.

Accurate chromosome segregation requires each chromo-

some’s centromere to build a kinetochore, a complex

structure containing at least 100 different proteins that

serves as the microtubule-binding site for the mitotic

spindle. Correct centromere formation and specification

is therefore essential to cell survival.

In contrast to kinetochores, which specifically assemble

and function in mitosis, centromeric chromatin, and a

group of 17 proteins that bind centromeric chromatin

termed the constitutive centromere-associated network

(CCAN), are present throughout the cell cycle [1]. A

hallmark of centromeric chromatin in all eukaryotes is

the presence of nucleosomes that contain the essential H3

variant CENP-A (CENtromere Protein-A) (Box 1). In

metazoans, the underlying DNA appears to be mostly

dispensable for centromere function. Instead, centro-

meric proteins epigenetically define each centromere.

While the mechanisms of CENP-A assembly are yet to

be fully defined, CENP-A is currently the most attractive

candidate for the epigenetic mark.
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Three broad criteria must be satisfied for centromere

replication and function. First, as DNA replication dilutes

CENP-A at centromeres, new CENP-A assembly during

each cell cycle must maintain the correct amount of

CENP-A chromatin. Second, CENP-A must facilitate

CCAN protein recruitment to form the centromere.

Third, CCAN proteins must provide the molecular plat-

form for kinetochore formation to facilitate chromosome

segregation during cell division.

The mechanisms of CENP-A assembly and CENP-A

distribution during DNA replication have been exten-

sively reviewed [2–9]. Therefore, we focus on progress

made in our understanding of the precise molecular links

between the underlying DNA of the centromere, CENP-

A, and the core CCAN. We then discuss how CCAN

proteins promote kinetochore formation. Finally, we con-

sider the implications of the recent advances in the un-

derstanding of CCAN dynamics.

The DNA–centromere interface: standing on
two legs?
A major research focus in recent years has been to estab-

lish how core centromere proteins specifically assemble

on centromeric DNA to provide a platform for mitotic

kinetochore formation. Two constitutive centromere

proteins, CENP-N and CENP-C, have been demon-

strated to bind directly to CENP-A nucleosomes.

CENP-N binds to reconstituted nucleosomes containing

CENP-A/H3 chimeras that possess only the CENP-A

Targeting Domain (CATD) [10] while CENP-C binds

the unique C-terminal tail of CENP-A (Figure 1a and Box

1) [11�]. The interaction of CENP-C with CENP-A’s C-

terminus is dependent on a central region of CENP-C

that also possesses nonspecific DNA-binding activity

[11�,12]. This suggests that CENP-C and CENP-N inter-

act with the CENP-A nucleosome independently of one

another by recognizing different domains within CENP-

A (Figure 1).

Is CENP-A-mediated recruitment of CENP-N and

CENP-C sufficient to build a complete centromere? In

Drosophila cells, overexpression of CENP-A(Cid) results

in misincorporation of CENP-A on chromosome arms and

causes the formation of ectopic kinetochores [13,14��]. In

addition, artificial tethering of CENP-A to chromatin

induces the formation of stable centromeres [14��]. In

Xenopus egg extracts, arrays of reconstituted CENP-A

nucleosomes are sufficient to build kinetochores that

can bind microtubules [15��]. In vertebrate cells,
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Box 1 Our understanding centromere specification centers on what

makes CENP-A distinct from canonical histone H3. Briefly, CENP-A

contains the CENP-A targeting domain (CATD), a region within its

histone fold domain containing 22 amino acid substitutions when

compared to H3 [55]. The CATD allows specific recognition and

assembly of CENP-A into chromatin by the loading factor HJURP

[51��]. CENP-A also contains a distinct extreme C-terminal tail that

has been shown to be important for the interaction of CENP-C and

for centromere formation in humans and Xenopus [11�,15��].

The composition and structure of CENP-A nucleosomes is also a

contentious issue (reviewed in [56]). Briefly, a prevalent model, based

upon the crystal structure of reconstituted CENP-A nucleosomes, is

that CENP-A nucleosomes are octameric and wrap DNA in a left-

handed manner, and therefore mimic H3 nucleosomes. An alter-

native model is that CENP-A nucleosomes consist of one CENP-A/

H4 dimer and one H2A/H2B dimer (termed a ‘hemisome’), and

potentially wrap DNA in a right-handed manner (reviewed in [57]). It is

also possible that CENP-A nucleosomes contain a CENP-A/H3/H42

heterotetramer, and/or the structure of CENP-A nucleosomes

changes during the cell cycle. Complicating this, both the timing of

CENP-A assembly and overall centromere size and structure differs

widely between organisms (reviewed in [2]).
CENP-A overexpression also causes ectopic CENP-A

incorporation into chromosome arms and the recruitment

of CENP-C and CENP-N to those sites, but not recruit-

ment of other CCAN components [16��,17]. Although the

presence of the endogenous centromere may have pre-

vented CCAN assembly at the ectopic site, it is possible

that additional components are required to provide a

foundation for the centromere in humans. Indeed,

CENP-T has recently emerged as a potential bridge

between the underlying DNA, the CCAN, and the outer

kinetochore. In human cells, ectopically localizing the N-

termini of CENP-T and CENP-C to chromatin, using

Lac repressor fusions and chromosomally integrated lac

operator sequences, recruits sufficient centromere com-

ponents to drive formation of pseudokinetochores able to

bind microtubules and facilitate chromosome segregation

[16��].

Affinity purification studies in chicken DT40 cells ident-

ified CENP-W and CENP-X as novel binding partners of

CENP-T and CENP-S, respectively [18,19]. CENP-T

and W dimerize and CENP-S and X form a tetramer

through histone fold domains in each protein [20,21].

Significantly, CENP-T/W/S/X can form a heterotetra-

meric complex that can supercoil DNA in vitro, similar

to nucleosomal histones [20]. This raises the possibility

that the CENP-T/W/S/X complex acts as an additional

structural platform on DNA (Figure 1b). Importantly, the

role of CENP-T/W appears to be conserved in budding

yeast, as Cnn1 and Wip1 were recently identified as

functional homologs of CENP-T and CENP-W, respect-

ively [22�,23�].

Despite this progress, the mechanisms behind CENP-T

centromere localization remain unclear. Although CENP-

T has been suggested to preferentially associate with H3
www.sciencedirect.com 
nucleosomes, at least in chicken DT40 cells [18,24],

CENP-T is present in CENP-A immunoprecipitations

[25] and CENP-T relies on CENP-A for its centromere

localization through an unknown mechanism [18]. There

are conflicting reports as to whether CENP-T is lost from

centromeres after CENP-C RNAi in human cells

[11�,16��], but CENP-C knockout chicken DT40 cells

successfully recruit CENP-T to centromeres [18]. While

CENP-T turns over in the course of a cell cycle, CENP-A

is thought to remain bound to DNA through multiple cell

divisions [26,27�,28,59]. It therefore remains likely that

CENP-A defines centromere position and provides the

initial foundation of the CCAN.

CENP-T/W is essential for cell viability [18]. However,

the phenotype of CENP-S/X deficient DT40 cells is less

pronounced [19]. Although CENP-T or CENP-W

deficient cells fail to recruit CENP-S/X to centromeres

[18], and ectopically localized CENP-S-LacI recruits

CENP-T [20], depleting CENP-S or CENP-X does

not affect CENP-T centromere localization [19]. Indeed,

CENP-S/X requires the presence of CENP-K for cen-

tromere localization, but CENP-T/W does not [18,19]. As

the CENP-T/W dimer and (CENP-S/X)2 tetramer can

bind DNA independently (CENP-S/X are also the Fan-

coni anemia proteins MHF1/MHF2 [29]), it is possible

that CENP-T/W associates with DNA independently of

CENP-S/X, and that subsequent recruitment of CENP-

S/X results in CENP-T/W/S/X formation. It is also

possible that a population of CENP-T/W functions inde-

pendently of CENP-S/X and vice versa. Establishing how,

when, and if the CENP-T/W/S/X complex assembles in

cells is therefore an immediate aim for the field.

Kinetochore assembly on core CCAN
components
In contrast to the CCAN, kinetochore proteins are

recruited to centromeres as cells enter mitosis to build

the kinetochore for chromosome segregation. Kineto-

chores attach to spindle microtubules [1], respond to

tension generated by stable attachments [30], and when

unattached, generate the spindle checkpoint signal that

restrains anaphase onset [31]. Here, we focus on advances

in our understanding of how the core CCAN components

CENP-C and CENP-T recruit the KMN network, which

mediates the attachment of spindle microtubules [32].

The KMN network comprises KNL1 (also known as

Spc105), the Mis12 complex (Nsl1, Nnf1, Dsn1, and

Mis12) and the Ndc80 complex (Ndc80/Hec1, Nuf2,

Spc24, and Spc25). While the Ndc80 complex makes

load-bearing attachments to microtubules [33], recent

evidence suggests that KNL1 may have a surveillance

role in reading the state of kinetochore––microtubule

interactions [34]. The Mis12 complex lacks microtu-

bule-binding ability, but has been shown to regulate

the recruitment of KNL1 and at least a subpopulation
Current Opinion in Cell Biology 2013, 25:334–340
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Box 2 Is CENP-N a core CCAN or extended CCAN component?

Although discussed above as a ‘core’ centromere component as it

directly interacts with CENP-A, CENP-N could also be considered

part of the extended CCAN. CENP-N is found at artificial

centromeres specified by CENP-T-LacI and CENP-C-LacI that form

independently of CENP-A [16��]. Moreover, although CENP-N binds

CENP-A’s CATD in vitro, in Xenopus egg extracts, arrays of

nucleosomes containing chimeric histone H3 possessing CENP-A’s

C-terminal tail (and not the CATD) recruit CENP-N in a CENP-C

dependent manner, and CENP-N mutants that do not bind CENP-A

in vitro can localize to centromeres [10]. In humans, the C-terminus

of CENP-N, which is not required for CENP-A association, directly

binds CENP-L [10]. The putative fission yeast homolog of CENP-L

(Fta1) interacts directly with CENP-C (Cnp3) [58]. If conserved, this

would provide a molecular link between CENP-C and CENP-N and

provide a potential mechanism for CENP-C-dependent CENP-N

centromere recruitment. As the amount of CENP-N at centromeres

appears to change during the cell cycle (see main text), CENP-N may

be recruited to centromeres via at least two temporally distinct

mechanisms. Further investigation of CENP-N in cells is required to

establish how the CCAN is assembled through the cell cycle.
of Ndc80, and is therefore considered as the ‘hub’ of the

KMN network [35].

In Xenopus, Drosophila and humans, the N-terminal region

of CENP-C is responsible for recruiting the KMN net-

work (Figure 1b) [36��,37,38��]. In Drosophila, CENP-C

directly interacts with the Mis12 complex component

Nnf1 (Figure 1b), and mistargeting CENP-C to the

centrosome causes centrosome localization of all KMN

network subcomplexes [38��]. In addition, CENP-C

knockout cells fail to recruit the Mis12 complex to the

kinetochore [39]. In humans, a 21-amino acid N-terminal

fragment of CENP-C interacts with the Mis12 complex

and a 71-amino acid N-terminal fragment of CENP-C,

which cannot localize to kinetochores when expressed in

cells, disrupts kinetochore targeting of the KNL1 and

Mis12 complexes [36��]. Interestingly, only a partial

effect is observed on the Ndc80 complex [36��], high-

lighting the possibility that additional factors may recruit

at least a subpopulation of Ndc80 in human cells.

Consistent with this notion, recent insights have shown

that human and budding yeast CENP-T plays a role in

recruiting the Ndc80 complex to the kinetochore

(Figure 1b). In human cells, this interaction is positively

regulated by Cdk1 activity. A non-phosphorylatable N-

terminal tail mutant of CENP-T fails to recruit Ndc80

and results in a defective kinetochore [16��]. This pro-

vides a direct link between spindle microtubule binding

(through Ndc80) and DNA binding (through CENP-T),

an explanation for how Ndc80 recruitment is cell cycle

stage specific, and potentially describes how forces gener-

ated by microtubules translate into movement of sister

chromatids (Figure 1b). Indeed, CENP-T has been

shown to physically stretch in response to tension at

the kinetochore [34]. In Saccharomyces cerevisiae, CENP-

T competes with the Mis12 complex for Ndc80 binding

[23�], and therefore CENP-T may inhibit interactions

within the KMN network [22�]. In addition, the CENP-

T–Ndc80 interaction may be enriched in anaphase, rais-

ing the possibility that the interactions between the

CCAN and KMN network change during cell division

[23�]. Further defining the role and regulation of CENP-

T in kinetochore assembly is likely to provide key insight

into kinetochore organization and function.

Recruitment and role of outer CCAN
complexes
In addition to CENP-A, CENP-C, CENP-N and CENP-

T/W/S/X, the other CCAN proteins CENP-H, CENP-I,

CENP-K, CENP-L, CENP-M, CENP-O, CENP-P,

CENP-Q, CENP-R, and CENP-U, form the extended

centromere. These proteins can be divided into the

CENP-L/M (and N, see Box 2) complex, CENP-H/I/K

(the CENP-H complex) and CENP-O/P/Q/R/U (the

CENP-O complex), based upon both biochemical inter-

actions and phenotypic analyses (Figure 1c). CENP-N
Current Opinion in Cell Biology 2013, 25:334–340 
RNAi causes major defects in centromere function

[10,25,40], presumably due to gross losses in CCAN

protein centromere recruitment, as CENP-N directly

binds CENP-L [10], that is, in turn, required for recruit-

ment of CENP-H/I/K, CENP-M and CENP-O/P/Q/R/U

[25,41]. CENP-H depletion prevents recruitment of

CENP-O/P/Q/R/U [41], possibly through loss of

CENP-K, which has been suggested to directly bind

CENP-O [42]. CENP-O depletion selectively affects

CENP-P/Q/R and CENP-U recruitment to centromeres,

consistent with those proteins participating in a stable

protein complex [25,41,43]. Like many large multiprotein

complexes, there appear to be multiple reinforcing inter-

actions within the constitutive centromere. For example,

loss of the CENP-H/I/K complex (through CENP-H

knockout) reduces CENP-L and Ndc80 centromere

localization [41], and CENP-U has been suggested to

bind Ndc80 [44�]. CENP-T depletion studies suggest

that CENP-T may also play a role in bringing CENP-M

and CENP-H/I/K to centromeres [18,25]. Finally,

although previously discussed here as a core CCAN

component, CENP-S was originally identified as part

of a CENP-M or CENP-U complex [25]. Thus, while

progress has been made in identifying many of the

proteins of the centromere, the task of untangling the

interdependencies and relationships between CCAN

proteins require further systematic and detailed analysis.

Broadly speaking, depletion of any individual extended

CCAN protein causes chromosome congression defects,

but cells display distinct phenotypes (summarized in

Figure 1c). CENP-H depletion increases tubulin turn-

over at attached kinetochores, stabilizes K-fibers (bundles

of kinetochore-attached microtubules), reduces kineto-

chore oscillations at the metaphase plate, causes congres-

sion defects and therefore causes mitotic delay [40,45,46].

In contrast, depletion of CENP-L or CENP-O causes an
www.sciencedirect.com
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Schematics of centromere and kinetochore organization. In all figure panels, individual capitalized letters indicate a ‘CENP’ protein, while smaller

letters indicate N-termini and C-termini (N and C, respectively). Arrows with question marks indicate interesting observations that require further

investigation. (a) Schematic of direct interactions between CENP-A and the CCAN. In vitro, CENP-N binds CENP-A’s CATD domain and CENP-C

binds through CENP-A’s distinct C-terminal tail. A fragment of human CENP-C consisting of amino acids 426–537 is sufficient to bind CENP-A. In

cells, CENP-N can somehow be recruited to centromeres independently of CENP-A (?1), most likely through interactions within the extended

CCAN (see text for details). (b) Recruitment of the KMN network by the core CCAN. Recent data suggest that CENP-T/W/S/X and CENP-C provide

the foundation for distinct components of the KMN network. The Mis12 component Nnf1 directly interacts with CENP-C in Drosophila, and amino

acids 1–21 of human CENP-C are sufficient for the binding of CENP-C to the Mis12 complex. In parallel, Cdk1-mediated phosphorylation (yellow

‘P’) of CENP-T’s N-terminal tail facilitates the direct binding of CENP-T to Ndc80. How CENP-T depends on CENP-A for its centromere

localization (?1), and how CENP-T may compete with Mis12 for Ndc80 binding (?2), remain unclear. (c) Recruitment of the extended CCAN

complex by the core CCAN and an overview of CCAN depletion phenotypes. CCAN complexes are recruited to centromeres through their

interactions with the chromatin binding proteins CENP-N, CENP-C, and CENP-T as depicted here going from the bottom (CENP-N) to the top

(CENP-R). Broadly speaking, removal of any one CCAN component affects all CCAN proteins within its complex and all those above it (but not

below). However, CENP-H is required for correct CENP-L recruitment. While considered part of the CENP-O complex, CENP-R depletion does not

affect any other known CCAN component. The phenotypes of CCAN depleted cells suggest that the CENP-H and CENP-O complexes antagonize

each other (?1). How the extended CCAN influences the microtubule attachments remains unclear, but CENP-Q and CENP-U directly bind

microtubules, CENP-U may interact with Ndc80 (Hec1) (?2), and CENP-K has been shown to be partially responsible for Ndc80 recruitment (?3).

CENP-C may directly interact with CENP-L, but how CENP-T and CENP-C mediate CCAN assembly remains largely unclear (?4). As summarized

in the table depletion (by RNAi or knockout (KO)) of any extended CCAN component results in chromosome congression defects, but distinct

phenotypes have been observed. See text for details.
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increase in monopolar spindle formation and weakened

K-fibers, suggesting that CENP-H/I/K and CENP-O/P/

Q/R/U may antagonize each other [40,41,43,47]. The

phenotype of CENP-L and CENP-O depletion has been

attributed to potential defects in kinetochore-generated

pushing forces on centrosomes causes by microtubule

polymerization at kinetochores [40,48]. Coupled to recent

observations that show a CENP-Q octamer and CENP-U

bind microtubules in vitro [44�,45], and that CENP-Q/U

may be negatively regulated by the mitotic kinase Plk1

[49], it appears that the extended CCAN fine-tunes the

kinetochore–microtubule attachment to promote bipolar

spindle assembly.

CCAN dynamics
Although we refer to the proteins of the CCAN as con-

stitutive because they are detectable throughout the cell

cycle at centromeres, recent data demonstrate that the

CCAN is highly dynamic both in individual protein turn-

over and in overall composition. Both immunofluores-

cence microscopy and live-cell imaging of EGFP–CENP-

N expressing cells suggest CENP-N levels at centro-

meres increases during S-phase and decreases before

mitosis [40,50]. Fluorescence Recovery After Photo-

bleaching (FRAP) studies showed that GFP–CENP-C

is more stable during S-phase [26]. While immunofluor-

escence microscopy studies suggest that centromere

levels of CENP-H are constant through the cell cycle

[40,46], FRAP of GFP–CENP-H suggests that, like

CENP-C, CENP-H is stabilized during S-phase [26].

Interestingly, this may not be a general property of the

CENP-H/I/K/M/N proteins as FRAP of GFP–CENP-I, a

component of the CENP-H complex, suggested that

CENP-I specifically turns over during S-phase. CLIP-

tagged CENP-T and CENP-W were recently shown to

increase in abundance at centromeres during the later

stages of S-phase and G2 [27�]. Finally, recent SNAP–
CENP-O experiments suggest that CENP-O is

assembled onto centromeres during DNA replication

[42], while immunofluorescence studies suggest that

CENP-O levels are decreased in mitosis [42,47], perhaps

as a result of the aforementioned negative regulation by

Plk1 [49]. Like CENP-H and CENP-I, the members of

the CENP-O/P/Q/R/U complex also show distinct resi-

dence times at centromeres when studied by FRAP [42].

It seems likely that dynamic changes in the CCAN will

facilitate cell cycle specific centromere function, namely

CENP-A assembly during mitotic exit/G1, CENP-A

nucleosome distribution during DNA replication, and

kinetochore formation during G2/mitosis. For example,

CENP-N binds the same region of CENP-A as the

CENP-A assembly factor HJURP [11�,51��], suggesting

HJURP association with newly assembled CENP-A may

preclude CENP-N centromere recruitment. Consistent

with this, the reduction in CENP-N centromere abun-

dance correlates with the timing of CENP-A assembly. In
Current Opinion in Cell Biology 2013, 25:334–340 
addition, both CENP-H and CENP-K knockout DT40

cells mislocalize CENP-C in interphase, but not in mito-

sis, suggesting that interactions within the CCAN reor-

ganize concomitant with cell cycle progression [39,46].

Further identifying these changes will undoubtedly shed

more light on the mechanisms behind CCAN-mediated

kinetochore formation and microtubule regulation.

Concluding remarks
Significant progress has been made in the understanding

of how the constitutive centromere assembles and func-

tions. CENP-A directly recruits CENP-C and CENP-N

to centromeres, and CENP-C, together with CENP-T,

recruits the KMN network. In parallel to this, the

extended CCAN protein complexes regulate kinetochore

microtubule attachments to promote bipolar spindle for-

mation.

While this provides a simplified framework describing

centromere function in humans, it is important to note

that significant differences in centromere organization

exist between model organisms, both in centromeric

chromatin structure and in CCAN composition. Most

significantly, homologs of many CCAN proteins have

not yet been identified in Drosophila and Caenorhabditis
elegans. In C. elegans, depletion of KNL1 abolishes Ndc80

complex recruitment [52], but in human and chicken cells

loss of KNL1 does not abolish Ndc80 localization because

CENP-K (which appears to be lacking in C. elegans) also

promotes Ndc80 localization to centromeres [53]. Sim-

ilarly, in human cells CENP-T also plays a role in recruit-

ing a subpopulation of Ndc80 to kinetochores [16��] while

Drosophila CENP-C (a Drosophila CENP-T homolog has

not been found) appears responsible for recruiting the

entire KMN network [38��]. It is therefore possible

Drosophila CENP-C can support many of the functions

that other CCAN proteins serve in vertebrates and

suggests a simpler CCAN functions in Drosophila and

C. elegans. In contrast, yeast possesses functional homologs

of many human CCAN proteins, including CENP-N

(Chl4 in S. cerevisiae and Mis15 in Schizosaccharomyces
pombe) and CENP-T (Cnn1 in S. cerevisiae and putatively

SPBC800 in S. pombe) and yet utilizes distinct kineto-

chore proteins, with the Dam1 microtubule-binding ring

complex a prime example [54]. Thus, understanding how

the core functions of the centromere and kinetochore

changed through evolution is an exciting area of future

investigation.

Finally, data suggesting that the number and/or stability

of many CCAN proteins depends on the stage of the cell

cycle has important implications. To date, many studies

have not made this distinction, and therefore paint a

picture of a largely stable CCAN. Data mentioned above

suggesting CENP-C depends on CENP-H/I/K for cen-

tromere recruitment in interphase but not mitosis, and

that CENP-N numbers decrease during mitosis and G1,
www.sciencedirect.com
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highlight that this is not the case. Although by definition

the CCAN proteins are detectable at centromeres

throughout the cell cycle, further investigation of the

changes in CCAN relationships will undoubtedly shed

considerable light on centromere assembly and function.

Note added in proof
While in press, two independent studies were published

describing the interaction between CENP-T and the

Spc24/25 portion of the Ndc80 complex in Saccharomyces
cerevisiae [60�] and in chicken DT40 cells [61�]. These

reports confirmed that phosphorylation of CENP-T’s N-

terminal tail regulates the interaction with Spc24/25, and

that CENP-T and the Mis12 complex compete for Spc24/

25 binding, potentially revealing phosphorylation de-

pendent changes in Ndc80 complex association with

the centromere during mitosis.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Cheeseman IM, Desai A: Molecular architecture of the
kinetochore–microtubule interface. Nat Rev Mol Cell Biol 2008,
9:33-46.

2. De Rop V, Padeganeh A, Maddox PS: CENP-A: the key player
behind centromere identity, propagation, and kinetochore
assembly. Chromosoma 2012, 121:527-538.

3. Dorn JF, Maddox PS: Kinetochore dynamics: how protein
dynamics affect chromosome segregation. Curr Opin Cell Biol
2012, 24:57-63.

4. Maddox PS, Corbett KD, Desai A: Structure, assembly and
reading of centromeric chromatin. Curr Opin Genet Dev 2012,
22:139-147.

5. Nechemia-Arbely Y, Fachinetti D, Cleveland DW: Replicating
centromeric chromatin: spatial and temporal control of CENP-
A assembly. Exp Cell Res 2012, 318:1353-1360.

6. Stellfox ME, Bailey AO, Foltz DR: Putting CENP-A in its place.
Cell Mol Life Sci 2013, 70:387-406.

7. Takeuchi K, Fukagawa T: Molecular architecture of vertebrate
kinetochores. Exp Cell Res 2012, 318:1367-1374.

8. Valente LP, Silva MC, Jansen LE: Temporal control of epigenetic
centromere specification. Chromosome Res 2012, 20:481-492.

9. Perpelescu M, Fukagawa T: The ABCs of CENPs. Chromosoma
2011, 120:425-446.

10. Carroll CW, Silva MC, Godek KM, Jansen LE, Straight AF:
Centromere assembly requires the direct recognition of CENP-
A nucleosomes by CENP-N. Nat Cell Biol 2009, 11:896-902.

11.
�

Carroll CW, Milks KJ, Straight AF: Dual recognition of CENP-A
nucleosomes is required for centromere assembly. J Cell Biol
2010, 189:1143-1155.

In this study, a direct interaction between CENP-A’s C-terminal tail and
CENP-C was identified in vitro and shown to be important for CENP-C’s
centromere localization.

12. Trazzi S, Bernardoni R, Diolaiti D, Politi V, Earnshaw WC, Perini G,
Della Valle G: In vivo functional dissection of human inner
kinetochore protein CENP-C. J Struct Biol 2002, 140:39-48.

13. Heun P, Erhardt S, Blower MD, Weiss S, Skora AD, Karpen GH:
Mislocalization of the Drosophila centromere-specific histone
CID promotes formation of functional ectopic kinetochores.
Dev Cell 2006, 10:303-315.
www.sciencedirect.com 
14.
��

Mendiburo MJ, Padeken J, Fulop S, Schepers A, Heun P:
Drosophila CENH3 is sufficient for centromere formation.
Science 2011, 334:686-690.

This study shows that ectopically targeting CENP-A(CID)–lacI fusion
protein to LacO arrays is sufficient to build a self-propagating centromere
and functional kinetochore in Drosophila.

15.
��

Guse A, Carroll CW, Moree B, Fuller CJ, Straight AF: In vitro
centromere and kinetochore assembly on defined chromatin
templates. Nature 2011, 477:354-358.

In this study, we used arrays of reconstituted nucleosomes to show that
the CENP-A C-terminus is sufficient to build a functional kinetochore in
Xenopus egg extracts

16.
��

Gascoigne KE, Takeuchi K, Suzuki A, Hori T, Fukagawa T,
Cheeseman IM: Induced ectopic kinetochore assembly
bypasses the requirement for CENP-A nucleosomes. Cell
2011, 145:410-422.

Using LacI–CCAN protein fusions, the authors demonstrate that CENP-C
and CENP-T are sufficient to build a pseudokinetochore in human cells,
and that the CENP-T tail recruits the Ndc80 complex in a Cdk1-regulated
manner.

17. Van Hooser AA, Ouspenski II, Gregson HC, Starr DA, Yen TJ,
Goldberg ML, Yokomori K, Earnshaw WC, Sullivan KF, Brinkley BR:
Specification of kinetochore-forming chromatin by the histone
H3 variant CENP-A. J Cell Sci 2001, 114:3529-3542.

18. Hori T, Amano M, Suzuki A, Backer CB, Welburn JP, Dong Y,
McEwen BF, Shang WH, Suzuki E, Okawa K et al.: CCAN makes
multiple contacts with centromeric DNA to provide distinct
pathways to the outer kinetochore. Cell 2008, 135:1039-1052.

19. Amano M, Suzuki A, Hori T, Backer C, Okawa K, Cheeseman IM,
Fukagawa T: The CENP-S complex is essential for the stable
assembly of outer kinetochore structure. J Cell Biol 2009,
186:173-182.

20. Nishino T, Takeuchi K, Gascoigne KE, Suzuki A, Hori T, Oyama T,
Morikawa K, Cheeseman IM, Fukagawa T: CENP-T-W-S-X forms
a unique centromeric chromatin structure with a histone-like
fold. Cell 2012, 148:487-501.

In this study, CENP-T/W/S/X were shown to form a heterotetrameric
‘nucleosome-like’ structure, potentially revealing a centromere specific
platform on DNA.

21. Tao Y, Jin C, Li X, Qi S, Chu L, Niu L, Yao X, Teng M: The structure
of the FANCM–MHF complex reveals physical features for
functional assembly. Nat Commun 2012, 3:782.

22.
�

Bock LJ, Pagliuca C, Kobayashi N, Grove RA, Oku Y, Shrestha K,
Alfieri C, Golfieri C, Oldani A, Dal Maschio M et al.: Cnn1 inhibits
the interactions between the KMN complexes of the yeast
kinetochore. Nat Cell Biol 2012, 14:614-624.

See Ref. [23�].

23.
�

Schleiffer A, Maier M, Litos G, Lampert F, Hornung P, Mechtler K,
Westermann S: CENP-T proteins are conserved centromere
receptors of the Ndc80 complex. Nat Cell Biol 2012, 14:604-613.

These two studies identified Cnn1 as the budding yeast homolog of
human CENP-T, and show that Cnn1 also forms a complex with CENP-W
(Wip1) and regulatesNdc80 centromere recruitment.

24. Ribeiro SA, Vagnarelli P, Dong Y, Hori T, McEwen BF, Fukagawa T,
Flors C, Earnshaw WC: A super-resolution map of the
vertebrate kinetochore. Proc Natl Acad Sci U S A 2010,
107:10484-10489.

25. Foltz DR, Jansen LE, Black BE, Bailey AO, Yates JR 3rd:
Cleveland DW: the human CENP-A centromeric nucleosome-
associated complex. Nat Cell Biol 2006, 8:458-469.

26. Hemmerich P, Weidtkamp-Peters S, Hoischen C,
Schmiedeberg L, Erliandri I, Diekmann S: Dynamics of inner
kinetochore assembly and maintenance in living cells. J Cell
Biol 2008, 180:1101-1114.

27.
�

Prendergast L, van Vuuren C, Kaczmarczyk A, Doering V,
Hellwig D, Quinn N, Hoischen C, Diekmann S, Sullivan KF:
Premitotic assembly of human CENPs-T and -W switches
centromeric chromatin to a mitotic state. PLoS Biol 2011,
9:e1001082.

This study investigated the cell cycle dynamics of CENP-T and CENP-W,
revealing that CENP-T/W assembles during DNA replication and G2 and
is not stable through cellular generations.
Current Opinion in Cell Biology 2013, 25:334–340



340 Cell nucleus
28. Jansen LE, Black BE, Foltz DR, Cleveland DW: Propagation of
centromeric chromatin requires exit from mitosis. J Cell Biol
2007, 176:795-805.

29. Singh TR, Saro D, Ali AM, Zheng XF, Du CH, Killen MW,
Sachpatzidis A, Wahengbam K, Pierce AJ, Xiong Y et al.: MHF1-
MHF2, a histone-fold-containing protein complex,
participates in the Fanconi anemia pathway via FANCM. Mol
Cell 2010, 37:879-886.

30. Carmena M, Wheelock M, Funabiki H, Earnshaw WC: The
chromosomal passenger complex (CPC): from easy rider to
the godfather of mitosis. Nat Rev Mol Cell Biol 2012, 13:789-803.

31. Lara-Gonzalez P, Westhorpe FG, Taylor SS: The spindle
assembly checkpoint. Curr Biol 2012, 22:R966-R980.

32. Cheeseman IM, Chappie JS, Wilson-Kubalek EM, Desai A: The
conserved KMN network constitutes the core microtubule-
binding site of the kinetochore. Cell 2006, 127:983-997.

33. Tooley J, Stukenberg PT: The Ndc80 complex: integrating the
kinetochore’s many movements. Chromosome Res 2011,
19:377-391.

34. Espeut J, Cheerambathur DK, Krenning L, Oegema K, Desai A:
Microtubule binding by KNL-1 contributes to spindle
checkpoint silencing at the kinetochore. J Cell Biol 2012,
196:469-482.

35. Petrovic A, Pasqualato S, Dube P, Krenn V, Santaguida S,
Cittaro D, Monzani S, Massimiliano L, Keller J, Tarricone A et al.:
The MIS12 complex is a protein interaction hub for outer
kinetochore assembly. J Cell Biol 2010, 190:835-852.

36.
��

Screpanti E, De Antoni A, Alushin GM, Petrovic A, Melis T,
Nogales E, Musacchio A: Direct binding of CENP-C to the Mis12
complex joins the inner and outer kinetochore. Curr Biol 2011,
21:391-398.

The authors demonstrate in this study that the human CENP-C N-
terminus directly binds the Mis12 complex, and perturbing this interaction
at kinetochores causes chromosome missegregation.

37. Milks KJ, Moree B, Straight AF: Dissection of CENP-C-directed
centromere and kinetochore assembly. Mol Biol Cell 2009,
20:4246-4255.

38.
��

Przewloka MR, Venkei Z, Bolanos-Garcia VM, Debski J, Dadlez M,
Glover DM: CENP-C is a structural platform for kinetochore
assembly. Curr Biol 2011, 21:399-405.

Here, an N-terminal region of CENP-C is shown to be required for
recruitment of the KMN network in Drosophila, potentially via a direct
interaction between CENP-C and the Mis12 complex component Nnf1.

39. Kwon MS, Hori T, Okada M, Fukagawa T: CENP-C is involved in
chromosome segregation, mitotic checkpoint function, and
kinetochore assembly. Mol Biol Cell 2007, 18:2155-2168.

40. McClelland SE, Borusu S, Amaro AC, Winter JR, Belwal M,
McAinsh AD, Meraldi P: The CENP-A NAC/CAD kinetochore
complex controls chromosome congression and spindle
bipolarity. EMBO J 2007, 26:5033-5047.

41. Okada M, Cheeseman IM, Hori T, Okawa K, McLeod IX, Yates JR
3rd, Desai A, Fukagawa T: The CENP-H–I complex is required
for the efficient incorporation of newly synthesized CENP-A
into centromeres. Nat Cell Biol 2006, 8:446-457.

42. Eskat A, Deng W, Hofmeister A, Rudolphi S, Emmerth S, Hellwig D,
Ulbricht T, Doring V, Bancroft JM, McAinsh AD et al.: Step-wise
assembly, maturation and dynamic behavior of the human
CENP-P/O/R/Q/U kinetochore sub-complex. PLoS ONE 2012,
7:e44717.

43. Hori T, Okada M, Maenaka K, Fukagawa T: CENP-O class
proteins form a stable complex and are required for proper
kinetochore function. Mol Biol Cell 2008, 19:843-854.

44.
�

Hua S, Wang Z, Jiang K, Huang Y, Ward T, Zhao L, Dou Z, Yao X:
CENP-U cooperates with Hec1 to orchestrate kinetochore–
microtubule attachment. J Biol Chem 2011, 286:1627-1638.

This study identified a role for CENP-U in microtubule binding and a novel
interaction between CENP-U and Ndc80 (Hec1).

45. Amaro AC, Samora CP, Holtackers R, Wang E, Kingston IJ,
Alonso M, Lampson M, McAinsh AD, Meraldi P: Molecular control
Current Opinion in Cell Biology 2013, 25:334–340 
of kinetochore–microtubule dynamics and chromosome
oscillations. Nat Cell Biol 2010, 12:319-329.

46. Fukagawa T, Mikami Y, Nishihashi A, Regnier V, Haraguchi T,
Hiraoka Y, Sugata N, Todokoro K, Brown W, Ikemura T: CENP-H,
a constitutive centromere component, is required for
centromere targeting of CENP-C in vertebrate cells. EMBO J
2001, 20:4603-4617.

47. McAinsh AD, Meraldi P, Draviam VM, Toso A, Sorger PK: The
human kinetochore proteins Nnf1R and Mcm21R are required
for accurate chromosome segregation. EMBO J 2006,
25:4033-4049.

48. Toso A, Winter JR, Garrod AJ, Amaro AC, Meraldi P, McAinsh AD:
Kinetochore-generated pushing forces separate
centrosomes during bipolar spindle assembly. J Cell Biol 2009,
184:365-372.

49. Kang YH, Park CH, Kim TS, Soung NK, Bang JK, Kim BY, Park JE,
Lee KS: Mammalian polo-like kinase 1-dependent regulation
of the PBIP1–CENP-Q complex at kinetochores. J Biol Chem
2011, 286:19744-19757.

50. Hellwig D, Emmerth S, Ulbricht T, Doring V, Hoischen C, Martin R,
Samora CP, McAinsh AD, Carroll CW, Straight AF et al.: Dynamics
of CENP-N kinetochore binding during the cell cycle. J Cell Sci
2011, 124:3871-3883.

51.
��

Bassett EA, DeNizio J, Barnhart-Dailey MC, Panchenko T,
Sekulic N, Rogers DJ, Foltz DR, Black BE: HJURP uses distinct
CENP-A surfaces to recognize and to stabilize CENP-A/
histone H4 for centromere assembly. Dev Cell 2012,
22:749-762.

This study carefully maps the binding of CENP-A by its assembly factor
HJURP to a region centering on the CATD domain, and identifies features
of CENP-A necessary for its stable insertion into chromatin.

52. Cheeseman IM, Niessen S, Anderson S, Hyndman F, Yates JR
3rd, Oegema K, Desai A: A conserved protein network controls
assembly of the outer kinetochore and its ability to sustain
tension. Genes Dev 2004, 18:2255-2268.

53. Cheeseman IM, Hori T, Fukagawa T, Desai A: KNL1 and the
CENP-H/I/K complex coordinately direct kinetochore
assembly in vertebrates. Mol Biol Cell 2008, 19:587-594.

54. Lampert F, Westermann S: A blueprint for kinetochores — new
insights into the molecular mechanics of cell division. Nat Rev
Mol Cell Biol 2011, 12:407-412.

55. Black BE, Foltz DR, Chakravarthy S, Luger K, Woods VL Jr,
Cleveland DW: Structural determinants for generating
centromeric chromatin. Nature 2004, 430:578-582.

56. Sekulic N, Black BE: Molecular underpinnings of centromere
identity and maintenance. Trends Biochem Sci 2012,
37:220-229.

57. Henikoff S, Furuyama T: The unconventional structure of
centromeric nucleosomes. Chromosoma 2012, 121:341-352.

58. Tanaka K, Chang HL, Kagami A, Watanabe Y: CENP-C functions
as a scaffold for effectors with essential kinetochore functions
in mitosis and meiosis. Dev Cell 2009, 17:334-343.

59. Bodor DL, Valente LP, Mata JF, Black BE, Jansen LE: Assembly in
G1 phase and long-term stability are unique intrinsic features
of CENP-A nucleosomes. Mol Biol Cell 2013 http://dx.doi.org/
10.1091/mbc.E13-01-0034.

60.
�

Malvezzi F, Litos G, Schleiffer A, Heuck A, Mechtler K, Clausen T,
Westermann S: A structural basis for kinetochore recruitment
of the Ndc80 complex via two distinct centromere receptors.
Embo J 2013, 32:409-423.

See Ref. [61�].

61.
�

Nishino T, Rago F, Hori T, Tomii K, Cheeseman IM, Fukagawa T:
CENP-T provides a structural platform for outer kinetochore
assembly. Embo J 2013, 32:424-436.

These two studies characterize a conserved interaction between CENP-
T’s N-terminal tail and the Spc24/25 portion of the Ndc80 complex,
revealing both phosphoregulation and competition with the Mis12-
Ndc80 complex interaction.
www.sciencedirect.com

http://dx.doi.org/10.1091/mbc.E13-01-0034
http://dx.doi.org/10.1091/mbc.E13-01-0034

	Functions of the centromere and kinetochore in chromosome segregation
	Introduction
	The DNA-centromere interface: standing on two legs?
	Kinetochore assembly on core CCAN components
	Recruitment and role of outer CCAN complexes
	CCAN dynamics
	Concluding remarks
	Note added in proof
	References and recommended reading


