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Abstract

The kinetochore plays an essential role in facilitating chromosome segregation during cell 

division. This massive protein complex assembles onto the centromere of chromosomes and 

enables their attachment to spindle microtubules during mitosis. The kinetochore also functions 

as a signaling hub to regulate cell cycle progression, and is crucial to ensuring the fidelity 

of chromosome segregation. Despite the fact that kinetochores are large and robust molecular 

assemblies, they are also highly dynamic structures that undergo structural and organizational 

changes throughout the cell cycle. This review will highlight our current understanding of 

kinetochore structure and function, focusing on the dynamic processes that underlie kinetochore 

assembly.

Introduction

Cell division is the fundamental process by which one cell gives rise to two genetically 

identical daughter cells. In eukaryotes, each cell division cycle requires that the genetic 

material be properly duplicated and segregated across the dividing cell. It is critical that 

the DNA is equally distributed between the two cells, as chromosome gains or losses can 

be highly detrimental to an organism. Accurate chromosome segregation depends upon the 

macromolecular structure called the kinetochore [1], which is assembled upon a specific 

region of each chromosome known as the centromere. The kinetochore is comprised of 

multiple individual proteins that assemble together to form a network of interdependent 

sub-complexes. This large protein assembly can be divided into two distinct regions: the 

inner kinetochore, which associates with centromere DNA and is assembled throughout the 

cell cycle; and the outer kinetochore, which binds directly to spindle microtubules and is 

assembled only in mitosis.

The kinetochore is a massive protein assembly with more than 110 different components 

and around 400 molecules of each protein at a single human kinetochore, that together 

form a structure that is roughly 5-10-fold larger than a ribosome [2, 3]. However, despite 
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its large size, the kinetochore is a remarkably dynamic structure, exhibiting changes in its 

assembly, dynamics, organization, and function throughout the cell cycle. Our understanding 

of kinetochore assembly often focuses on the recruitment of the outer kinetochore in mitosis. 

However, a subset of kinetochore components are present at centromeres constitutively, and 

the manner in which these protein complexes adapt to the events of the cell cycle is also 

important to fully understand the principles of kinetochore assembly.

During interphase, three critical dynamic events must occur that result in substantial 

changes to the centromere. First, during G1, new molecules of the centromere-specific 

histone CENP-A are deposited into centromeric chromatin, resulting in a substantial 

increase of CENP-A molecules at centromeres (Figure 1A). During S phase, centromeric 

DNA undergoes a dramatic structural change, similar to other chromosomal regions, as 

chromosomes are unwound and replicated, resulting in at least the temporary eviction of 

chromatin-associated factors (Figure 1B). Finally, during the G2/M transition, chromosomal 

DNA undergoes further structural changes as chromosomes become condensed with 

sister chromatids remaining bound together at centromeres (Figure 1C,D). In addition to 

navigating DNA compaction during the G2/M transition, the kinetochore must assemble 

its outer structure to prepare for the formation of microtubule attachments in mitosis. 

The constitutive centromere components that comprise the inner kinetochore must remain 

assembled despite these vast changes and disruptions that occur to centromeric chromatin 

over the course of the cell cycle. Once in mitosis, the kinetochore recruits additional 

dynamically associated proteins that are required to enable the diverse mitotic kinetochore 

functions. Here, we review kinetochore assembly in the context of the constantly changing 

centromere chromatin status and discuss how kinetochore organization and function are 

altered to facilitate these changes and confer the diverse functions of the kinetochore 

throughout the cell cycle.

The centromere locus

An understanding of kinetochore assembly and organization first requires a consideration 

of the centromere, the chromosomal locus upon which the kinetochore is built. Despite 

providing the functional platform for kinetochore assembly, centromere structure, position, 

and sequence vary widely across organisms [4], For example, in the budding yeast S. 
cerevisiae, centromeric DNA is 125 base pairs, with a defined sequence that is both 

necessary and sufficient for centromere function and kinetochore assembly, referred to as 

a point centromere. Conversely, other commonly studied organisms, including mammals, 

Drosophila, and fission yeast, have centromeres that consist of long arrays of repetitive 

DNA sequences that can span ten’s of thousands to millions of base pairs in length, termed 

regional centromeres. Finally, the centromeres found in some plants, nematodes, and insect 

species are not restricted to a single position, but instead span the complete chromosome, a 

centromere type called holocentric. Holocentricity makes it such that kinetochores assemble 

along the entire length of the chromosome [5].

Regional centromeres are often composed of repetitive DNA elements including retro­

transposon elements and small units of repetitive sequences called satellite DNA that can 

span kilobases to megabases of DNA [4, 6]. The organization of these centromeres can be 
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divided into two regions: 1) the core centromere region, which is comprised of homogenous 

ordered repeats (largely satellite DNA) upon which the kinetochore is assembled, and 2) 

the pericentromere, which flanks the core centromere and is made of less ordered repetitive 

sequences that are heterochromatic [7]. In humans, the repeating unit of the core centromere 

region is known as α-satellite DNA. The α-satellite sequence is 171-bp in length, where 

each unit is arranged in a head-to-tail manner forming higher-order repeats throughout the 

core centromere [7–11]. Subsets of α-satellite repeats additionally contain a 17 bp motif 

known as the CENP-B box [12, 13], which serves to recruit the centromere protein (CENP), 

CENP-B. Regional centromeres promote the assembly of larger kinetochore structures 

that bind to multiple microtubules during mitosis [2]. In fact, kinetochore size has been 

shown to scale with centromere length, which can ultimately impact kinetochore function as 

chromosomes with larger kinetochores are prone to mis-segregate in mitosis [14].

Although regional centromeres can be highly structured, the underlying DNA sequence is 

not sufficient to generate a functional centromere [15]. Indeed, although the presence of 

repetitive sequences at regional centromeres is common, there are exceptions to this, such 

as the non-repetitive centromeres found in horse, orangutan, and chicken chromosomes 

[16–20]. Instead, regional centromeres are considered to be epigenetically defined based 

on the presence of the centromere-specific histone CENP-A, a variant of the canonical 

histone protein H3 [21]. The presence of CENP-A at centromeres is not unique to 

organisms with regional centromeres. CENP-A can be found at the centromeres of many 

organisms, including those with holocentric and point centromeres. In fact, CENP-A is 

present at the centromere of most model organisms including S. cerevisiae, S. pombe, 
D. melanogaster, C. elegans, and humans [22–25]. However, there are notable exceptions, 

including kinetoplastids and some insects such as Lepidoptera, which lack centromere­

specific histones [26–28]. The precise mechanism by which centromeres are specified in 

these organisms is an active area of research. Recent work in Lepidoptera suggests that 

kinetochores are specifically assembled at regions of the genome with low transcriptional 

activity and have adapted to rely on the function of other centromere proteins [29, 30].

In addition to CENP-A, multiple factors act to collectively specify the centromere region. 

Among these, are the proteins that localize to centromeres throughout the cell cycle 

and form the inner kinetochore, collectively referred to as the Constitutive Centromere 

Associated Network (CCAN) [31, 32]. The CCAN is composed of 16 proteins that 

can be further organized into 5 distinct groups based on their physical associations and 

dependencies for centromere localization: CENP-C, CENPL/N, CENP-H/I/K/M, CENP­

O/P/Q/U/R, and CENP-T/W/S/X [33]. Together, these sub-complexes function to bind 

specifically to CENP-A and recruit the components of the outer kinetochore. Importantly, 

although the features that define and characterize the centromere can vary dramatically 

between species, the requirement for constitutively bound centromere proteins to maintain 

centromere identity and function throughout the cell cycle remains constant.

Kinetochore assembly during G1 – refreshing centromere chromatin

The first dynamic changes to centromere chromatin and kinetochore assembly state occur in 

Gl, when new CENP-A histones are deposited at the centromere. CENP-A is both necessary 
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and sufficient for the recruitment of all known kinetochore proteins [34–42], and thus this 

deposition process is a critical event for the specification and maintenance of centromere 

identity. The deposition of new CENP-A molecules involves the coordination of multiple 

factors. Importantly, the cell must distinguish between CENP-A nucleosomes and canonical 

H3 nucleosomes, which share ~62% sequence identity in their histone fold domain [21]. 

To achieve this, CENP-A deposition depends on a dedicated chaperone called HJURP 

(Holliday Junction Recognizing Protein) in vertebrates [43–45]. Functional orthologs of 

HJURP also exist in S. cerevisiae and S. pombe, called Scm3, and in D. melanogaster, 
called Call [46–56]. The HJURP chaperone binds specifically to the CENP-A targeting 

domain (CATD), a region that distinguishes CENP-A from canonical histone H3 [57–60]. 

In humans, this domain of CENP-A is both necessary and sufficient for targeting CENP­

A to centromeres although not sufficient to promote kinetochore assembly [34, 61–64]. 

HJURP binds to the CATD of soluble CENP-A through its N-terminal CENP-A binding 

domain [43, 44, 57]. Once bound to CENP-A, HJURP is targeted to centromere regions 

through its interaction with the Misl8 complex (Misl8α, Mis 18β, and Misl8BPl) [65–69], 

with Misl8BPl binding directly to HJURP via its central domain [39, 70, 71]. In humans, 

Misl8BPl also binds to the inner kinetochore protein CENP-C and through this interaction is 

targeted to the centromere [72–74]. Given that CENP-C localizes to centromeres through 

its direct interaction with CENP-A, this is one mechanism to ensure that CENP-A is 

exclusively deposited at centromeres in a self-propagating manner. Although the general 

paradigms of CENP-A propagation are conserved across vertebrates, the precise interactions 

vary between organisms. For example, in chicken and Xenopus, Misl8BPl centromere 

localization does not depend on CENP-C, and instead involves a unique motif that is similar 

to the CENP-A binding domain in CENP-C to directly interact with CENP-A [75, 76]. 

This Misl8BPl-CENP-A interaction provides an alternative strategy for CENP-A to promote 

centromere specification and its self-propagation.

The timing for deposition of new CENP-A molecules is tightly coordinated with cell 

cycle progression in a way that is distinct from canonical H3 nucleosomes. Whereas H3 

nucleosomes are deposited during S phase, the deposition of new CENP-A in vertebrates 

occurs in early G1 [61, 77–79]. To enact this temporal restriction, two kinases function 

as the gatekeepers of CENP-A deposition: Cyclin Dependent Kinase (CDK) and Polo-like 

Kinase 1 (PLK1). In human cells, CDK phosphorylation of Misl8BPl results in decreased 

centromere localization and prevents its interaction with Misl8α and Mis18β [68, 74, 80, 

81]. CDK phosphorylation of HJURP has also been shown to negatively impact its ability to 

localize to centromeres [81, 82]. Therefore, deposition of new CENP-A molecules can only 

occur following chromosome segregation, when CDK activity is at its lowest. Conversely, 

the kinase activity of PLK1 acts to promote CENP-A deposition through phosphorylation 

of upstream targets, including the Misl8 complex [74]. Disrupting this temporal control of 

CENP-A deposition has negative effects on mitotic progression, highlighting the importance 

of this regulatory network on centromere function [74].

Once incorporated into centromere chromatin, CENP-A remains remarkably stable in 

rapidly dividing cells [83–85], with individual CENP-A molecules persisting over multiple 

divisions [78, 86]. It is currently not well understood how centromeric chromatin adapts 

to the changes in CENP-A occupancy throughout the cell cycle, although the presence 
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of chromatin remodeling factors and transcription at the centromere may play a role 

[87]. Additionally, CENP-A has been shown to acquire post-translational modifications 

throughout the cell cycle that help coordinate different aspects of CENP-A function [88].

Given that maintenance of centromere CENP-A relies on passage through the cell cycle, it 

is interesting to consider how it is that the centromere is maintained in cells that are not 

actively dividing. Non-transformed cells and many cells in an organism can enter a state of 

proliferative hibernation termed quiescence or GO [89]. Quiescent cells can persist in a non­

dividing state for weeks, months, even decades and maintain their proliferative potential. 

Therefore, it is critical to retain the presence of centromere components to mark this 

chromosomal locus. In particular, as the centromere is specified primarily by the presence of 

CENP-A, if CENP-A is evicted from chromosomes, it would eliminate centromere identity 

and prevent future chromosome segregation. Thus, quiescent cells must maintain the protein 

components at centromeres over extended periods. One possibility to explain this is that 

CENP-A and other CCAN components are exceptionally stable. Indeed, studies in mouse 

oocytes blocking new CENP-A synthesis have indicated that CENP-A protein remains stable 

over extended periods [84]. Alternatively, quiescent cells may alter CCAN dynamics to 

promote the deposition of CENP-A and refresh centromere proteins. By studying this in 

quiescent cultured cells and starfish oocytes, our lab has found that CENP-A undergoes a 

gradual, but consistent turnover at centromeres [90]. This dynamic behavior requires the 

canonical CENP-A deposition machinery and may be promoted by ongoing transcription 

at centromeres to evict CENP-A molecules providing “holes” to enable new CENP-A 

deposition. The failure to deposit new CENP-A molecules in quiescent cells results in 

defective chromosome segregation when quiescent cells return to proliferation. In contrast to 

CENP-A, some other CCAN components are lost from centromeres in quiescent cells [90] 

suggesting the potential for additional changes in centromere organization in non-dividing 

cells. Interestingly, CENP-A is differentially maintained in diverse cell types in a manner 

that correlates with replicative potential [91]. For example, in work by Swartz et. al. [90], 

terminally differentiated cells, such as adult mouse cardiomyocytes, lose CENP-A at their 

centromeres. In contrast, adult mouse hepatocytes, which maintain the capacity to divide 

and regenerate, maintain centromeric CENP-A. Together, this supports the importance of 

CENP-A maintenance at the centromere to facilitate cell division.

Together, the dynamic localization and maintenance of CENP-A molecules in the early cell 

cycle stages and in non-dividing cells provides the foundation onto which the remaining 

kinetochore architecture is assembled in the subsequent cell cycle phases. Importantly, the 

large number of CENP-A nucleosomes deposited during G1 represents a substantial change 

to centromere chromatin, and likely also requires the subsequent recruitment of CENP-A 

binding factors.

Retaining centromere assembly during Replication and Transcription

As the cell cycle proceeds, the next challenge that centromeres face is the need to replicate 

the underlying DNA during S phase (Figure 1B). DNA replication requires the displacement 

of existing nucleosomes to allow for the passage of the replication fork and DNA synthesis 

[92]. Therefore, the centromere must accommodate the passage of the replication fork 
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while maintaining its identity and function. CENP-A histones are stably inherited across 

multiple divisions, suggesting that centromere nucleosomes are retained through DNA 

replication. Given that no new CENP-A molecules are deposited during S phase, CENP-A 

nucleosomes must be recycled and conservatively distributed between the newly replicated 

sister centromeres [78]. It is thought that the gaps left due to the 2-fold reduction in the 

number of CENP-A nucleosomes are instead filled with histone H3.3 [93]. Interestingly, the 

position and distribution of CENP-A nucleosomes within the centromere are maintained, 

implicating a positional memory of CENP-A nucleosomes within the centromere [93, 94], 

although the CENP-A domain can migrate slightly across divisions [95]. This raises the 

question as to how CENP-A nucleosomes are distributed during DNA replication. Recent 

work has suggested that the distribution of CENP-A nucleosomes involves HJURP, which 

transiently associates with CENP-A during S phase, in conjunction with Mcm2, a helicase 

involved in DNA replication [96]. This parallels the mechanism by which canonical H3 

nucleosomes are deposited in non-centromere chromatin, which also involves Mcm2 and 

distinct H3/H4 nucleosome chaperones [92].

The passage of a replication fork through centromere DNA has the potential to be highly 

destabilizing. In fact, DNA replication has been shown to evict CENP-A nucleosomes 

erroneously incorporated at chromosome arms [94]. So how is it that CENP-A nucleosomes 

remain enriched at the centromere following DNA replication? A key distinction of 

CENP-A at centromeres is the presence of the associated CCAN components, which 

remain assembled on CENP-A nucleosomes during S phase/G2 [94]. Recent work has 

suggested that the CCAN contributes to centromere specific recycling/retention of CENP-A 

nucleosomes specifically at centromeres. Specifically, the rapid depletion of CENP-C in 

early S phase results in a significant loss of CENP-A nucleosomes at centromeres following 

a round of DNA replication [94]. Together, this supports the idea that the CCAN plays 

a critical role in supporting the reincorporation of CENP-A nucleosomes at centromeres 

during DNA replication. How the CCAN remains assembled on CENP-A nucleosomes and 

interacts with the replication machinery remains an important open question.

Importantly, DNA polymerase is not the only enzyme that acts at centromeres and has 

the ability to disrupt the underlying chromatin. Despite the fact that centromeres lack 

coding genes, centromeres are actively transcribed. RNA polymerase II has been found 

at centromeres in mitosis [97] and centromeric chromatin contains histone modifications, 

such as H3K4me2, that are permissive for transcription [98, 99]. Importantly, centromere 

transcription occurs at low levels throughout the cell cycle, including during mitosis [97, 

100]. The presence of ongoing centromere transcription during mitosis may play an active 

role in centromere function [87, 101]. For example, centromere transcription by RNA 

polymerase could destabilize nucleosomes and CCAN components. In fact, centromere 

transcription has been implicated in promoting the turnover of CENP-A [90]. Alternatively, 

the presence of RNA polymerase II at mitotic centromeres may be due to the persistence of 

cohesin at centromere regions [102], but may not reflect an active role [103].

Together, the CCAN and CENP-A nucleosomes maintain a reciprocal relationship to ensure 

centromere identity is maintained despite drastic changes to the DNA structure in S phase. 

Whereas the CCAN components require the presence of CENP-A within the centromere for 
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their localization, these proteins also help maintain CENP-A localization, including during 

DNA replication. Additionally, although replication and transcription represent a challenge 

to centromere identity, it also performs a beneficial role in centromere maintenance by 

preventing the accumulation of CENP-A at ectopic chromosome regions.

The Inner Kinetochore

The inner kinetochore, or CCAN, is assembled specifically at the centromere due to 

its interactions with CENP-A. A distinguishing characteristic of the CCAN is that it 

remains present at the centromere throughout the cell cycle. Therefore, once assembled 

the interactions between CCAN components must be robust enough so that the entire 

assembly is maintained at every cell cycle state. Indeed, each of the CCAN sub-complexes 

(CENP-C, CENP-L/N, CENP-H/I/K/M, CENP-T/W/S/X, and CENP-O/P/Q/U/R) [104–106] 

has a distinct role in CCAN organization, and together form a hierarchy of interactions that 

promote the stability of this protein complex (Figure 2A).

CENP-C plays a central role in kinetochore organization as it interacts with multiple 

components of the inner kinetochore, including CENP-A, and can recruit components of the 

outer kinetochore directly [107–111]. In fact, for some organisms, such as D. melanogaster 
and C. elegans, CENP-C is the only identified CCAN component [26, 31, 112]. Based on 

its network of interactions, CENP-C is considered to be an organizing scaffold within the 

CCAN [107, 108, 113–115]. In addition to CENP-C, CENP-N is the only other protein 

within the kinetochore that can interact directly with CENP-A [114, 116], CENP-C and 

CENP-N interact with CENP-A in a distinct manner [114], providing the potential for both 

proteins to interact with CENP-A simultaneously. Within the CCAN, CENP-N forms an 

obligate complex with CENP-L where together they interact directly with CENP-HIKM and 

CENP-C [108, 115, 117], The CENP-HIKM complex also sits at the core of the CCAN as it 

has been shown to directly interact with CENP-C, CENP-LN, and CENP-TWSX [104, 115, 

118], The CENP-TWSX complex contains histone fold domains that promote centromere 

recruitment by conferring DNA binding abilities to this complex in addition to facilitating 

protein interactions [32, 107, 108, 119, 120], Like CENP-C, the CENP-TWSX complex 

interacts directly with proteins of the outer kinetochore and plays an important role in 

their regulated recruitment in mitosis [32, 121–123], Finally, the CENP-OPQUR complex 

is recruited to the kinetochore through its interaction with CENP-C/HIKM/LN [118], The 

CENP-OPQUR complex is the most peripheral CCAN component, as depletion of this 

complex does not affect the localization of the other CCAN components [106, 108, 118], 

The CENP-OPQUR complex facilitates functions that are important for mitotic progression, 

including recruitment of CENP-E and PLK1, and has been suggested to interact directly 

with microtubules [118, 124–130], The interdependencies that exist between the CCAN 

components enable this complex of proteins to adapt to changes that occur in the centromere 

so that they remain assembled throughout the cell cycle.

The Dynamic Nature of the Inner Kinetochore

The naming of the CCAN as “constitutive” centromere factors can imply that they are 

unchanged throughout the cell cycle. However, despite their constitutive localization, 
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the association of individual components of the CCAN to the centromere is instead 

quite dynamic. This includes cell cycle changes in the abundance of individual CCAN 

components [131–133], the timing by which new proteins are incorporated at centromeres 

[85, 132, 134, 135], and changes in the physical associations and functional relationships 

between the CCAN sub-complexes (Figure 2B).

Of the CCAN proteins, CENP-C and CENP-N provide important examples of these distinct 

cell cycle behaviors. Although CENP-C is always present at centromeres, it displays 

dynamic and changing properties. First, CENP-C levels at kinetochores remain relatively 

constant throughout the cell cycle but increase upon entry into mitosis [133], The molecular 

requirements for CENP-C localization to centromeres also differ between interphase and 

mitosis. In interphase, CENP-C localization depends on its interaction with CENP-HIKM 

and CENP-L/N as depletion of either complex result in the loss of CENP-C at the 

centromere [108, 136]. In contrast, during mitosis CENP-C can localize to kinetochores 

in the absence of CENP-LN and CENP-HIKM. Given the important role that CENP-C plays 

in CCAN organization, this change in its localization requirements suggests that there is 

a cell cycle-dependent reorganization of the CCAN. Recent work in chicken cells found 

that CDK-dependent phosphorylation of CENP-C in mitosis promotes its interaction with 

CENP-A [137, 138]. Thus, the requirements for CENP-C localization change throughout the 

cell cycle, such that its interaction with other CCAN subunits is important in interphase, 

but its interaction with CENP-A becomes more critical in mitosis. This change may be 

important in adapting the CCAN for the recruitment of outer kinetochore components, or 

rewiring CCAN organization to accommodate interphase events at centromeres.

The CENP-L/N complex also plays a critical role in the organization of the CCAN and 

displays distinct cell cycle dependent behaviors. CENP-N interacts directly with the CATD 

of CENP-A [116, 139]. This interaction is mediated by the N-terminus of CENP-N, 

which is both necessary and sufficient for CENP-N localization to the kinetochore during 

interphase, but not mitosis [108, 116]. The C-terminus of CENP-N, which meditates its 

direct interaction with CENP-L and indirectly with the CCAN, is critical for the mitotic 

localization of CENP-N [108, 140]. Therefore, the localization of CENP-N relies more on 

its interactions with the CCAN in mitosis, a behavior that directly contrasts with that of 

CENP-C. Additionally, CENP-N displays distinct localization behaviors throughout the cell 

cycle. Unlike CENP-C, CENP-N is enriched at kinetochores specifically during S-phase and 

then dissociates during the G2/M transition such that its levels are low in mitosis [141, 142]. 

Finally, CENP-N has been shown to associate dynamically with centromeres during G1 and 

early S-phase [141]. However, the basis and the significance of this change in CENP-N 

kinetochore levels remain unclear. One aspect of CENP-N behavior that may contribute 

to this difference in CENP-N association is the fact that CENP-N loading appears to be 

dependent on chromatin state. In vitro assays suggest that CENP-N more readily interacts 

with CENP-A nucleosomes present in open chromatin where the RG loop is exposed, as 

compared to a more compact chromatin state where the RG loop is not accessible [143]. 

Therefore, the underlying changes in chromatin state that occur throughout the cell cycle 

may affect the ability of CENP-N to remain stably bound at kinetochores.
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The fact that CENP-N and CENP-C, two components essential for CCAN recruitment and 

CENP-A recognition, have distinct cell cycle dependent behaviors suggests the CCAN 

complex as a whole undergoes substantial changes. However, it remains unclear how 

these behaviors and differences in centromere associations affect CCAN organization and 

function. The underlying mechanisms that contribute to the varying association behaviors 

within the CCAN have not been elucidated, but post-translational modifications, such as 

phosphorylation, may play a role [137, 138, 144].

Role of CENP-B in Centromere Function

Given the critical requirement to maintain the assembly of inner kinetochore components at 

centromeres, it is important to highlight the potential contributions that CENP-B plays in 

maintaining centromere function. CENP-B is the only protein within the inner kinetochore 

that binds to a specific DNA sequence - the 17 bp CENP-B box present in the alpha-satellite 

sequences [12]. The functional importance of CENP-B at centromeres has been debated 

given that it is not essential for viability in either cell culture or mouse models and that it 

is absent from both neocentromeres and the Y chromosome [145]. However, chromosomes 

that lack CENP-B have been shown to mis-segregate more frequently [146] suggesting that 

CENP-B plays important roles in centromere function. Within the centromere, CENP-B has 

been shown to interact directly with CENP-A, and through this interaction increases the 

stability of CENP-A in reconstituted nucleosomes [147–149]. CENP-B and CENP-C also 

interact directly. This interaction has been proposed to serve as an additional recruitment 

mechanism for CENP-C independently from CENP-A, as depletion of CENP-B results in 

a decrease of CENP-C at kinetochores [147]. In fact, in the absence of CENP-A, CENP-B 

is sufficient to maintain CENP-C at the kinetochore and facilitate proper chromosome 

segregation [150], at least for a short period of time. Recent work has supported a model 

in which CENP-B becomes more important at centromeres in the absence of CENP-A 

[146]. Therefore, the presence of CENP-B at the centromere may help to ensure centromere 

function in conjunction with CENP-A by providing an additional mechanism to tether the 

inner kinetochore to the centromere.

Higher order centromere structure and changes to chromatin state

A major consideration for understanding the assembly and dynamics of the kinetochore is 

the higher order organization of the underlying centromere DNA and chromatin (Figure 

1C). The centromere does not exist as a linear segment of DNA. Instead, centromere 

DNA displays a complex three-dimensional organization, similar to other chromosomal loci. 

Within the centromere, CENP-A nucleosomes are interspersed with H3 nucleosomes [93, 

151, 152]. At human centromeres, quantification of CENP-A molecules indicate that ~100 

CENP-A nucleosomes are dispersed throughout the centromere (likely over ~100 kb) at a 

ratio of ~1:25 relative to H3 [153]. Therefore, to enable kinetochore assembly and proper 

microtubule attachment in mitosis, as chromosomes are compacted and condensed at mitotic 

entry, the centromere must be organized to position CENP-A nucleosomes together facing 

away from the chromosome to facilitate kinetochore assembly. How this occurs remains 

unclear, but multiple models have been proposed [15, 154, 155]. Although the mechanism 

and precise structure of centromere chromatin upon entry into mitosis is not known, 

Navarro and Cheeseman Page 9

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CENP-A and the CCAN confer properties to centromere chromatin that are important for 

enacting its mitotic function. For example, in C. elegans, loss of CENP-A causes defects 

in chromosome structure and affects the dynamics of chromosome condensation [156]. A 

similar behavior has also been shown in human cells, where CENP-A chromatin withstands 

unfolding to a higher degree than the surrounding heterochromatin and mitotic CENP-A 

enriched chromatin can withstand unfolding to a higher degree than interphase chromatin 

[151]. This suggests that the presence of CENP-A distinctly impacts chromatin architecture 

at the centromere, and that this may confer an added rigidity that allows the centromere to 

withstand mitotic forces.

The presence and association of the CCAN at the centromere also contributes to centromere 

rigidity [151]. Reciprocally, the changes that happen to centromere chromatin upon 

mitotic entry can affect the organization of the CCAN as demonstrated by changes in 

CENP-C interdependencies and the effect that CENP-A chromatin state has on CENP-N 

binding in vitro [143]. Efforts to reconstitute the kinetochore suggest that two CCAN 

complexes (containing CENP-C/HIKM/LN) are capable of binding a single CENP-A 

nucleosome, forming a symmetric structure [115]. Recent structural work reconstituting 

the core centromere nucleosome complex (CCNC) consisting of CENP-A, CENP-N, and 

CENP-C from human and chickens has provided insights into the potential changes 

in CCAN associations at centromeres between interphase and mitosis [138, 142]. In 

work reconstituting the human CCNC, Allu and colleagues [142] observed two CCNC 

populations - one in which two CENP-C and CENP-N molecules bind to CENP-A, 

and one in which only a single molecule of CENP-N and two molecules of CENP-C 

are bound to the CENP-A nucleosome. Given that this corresponds to the differing 

ratios of CENP-C and CENP-N present at centromeres in interphase and mitosis, it is 

possible that these two structures represent the cell cycle differences in CCAN centromere 

associations. Alternatively, studies analyzing centromere proteins from chicken cells support 

an alternative model for the changes in CCNC assembly throughout the cell cycle [138]. In 

this work, the authors argue that CENP-C and CENP-N do not bind CENP-A simultaneously 

and instead do so in a mutually exclusive and cell cycle-dependent manner. In this model, 

CENP-N binds directly to CENP-A nucleosomes during interphase, whereas CENP-C does 

so in mitosis. A key distinction between these two studies is the CENP-C fragments 

used to reconstitute the CCNC. Ariyoshi and colleagues utilized a longer CENP-C C­

terminal fragment, which resulted in structures where CENP-C obscured the RG loop in 

CENP-A preventing CENP-N binding. Importantly, CENP-C was phosphorylated in these 

experiments, modeling mitotic CENP-C [137]. Together, these studies provide molecular 

insights into the mechanisms that may underlie CCAN reorganization during mitosis. 

However, future studies will be required to determine the physiological relevance of these 

two proposed mechanisms, including structural studies with full length CENP-C and CENP­

N. Overall, progression into mitosis requires that the centromere adapt a structure that will 

withstand the forces transmitted during chromosome segregation and provide a platform for 

outer kinetochore assembly.
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The Outer Kinetochore

The next critical phase in kinetochore assembly occurs during entry into mitosis when 

the CCAN directs recruitment of the outer kinetochore, which in turn interacts directly 

with spindle microtubules. Outer kinetochore assembly is a highly controlled process that 

occurs through multiple regulatory layers (Figure 3). First, the core components of the outer 

kinetochore are recruited upon mitotic entry in a manner that depends upon the phospho­

regulation of inner kinetochore components to create a platform for outer kinetochore 

assembly. Second, kinetochores alter their functional properties at different stages within 

mitosis by altering outer kinetochore composition, adding or removing specific components 

to enable distinct activities. Finally, under circumstances where kinetochores fail to interact 

with microtubules, the outer kinetochore seeds formation of an extended fibrous corona 

structure.

The core of the outer kinetochore is made up of 10 proteins that assemble into the 

three sub-complexes Knl1, Mis12, and Ndc80 - also referred to as the KMN network 

[157–167]. In particular, the four-subunit Ndc80 complex acts as the primary kinetochore 

receptor for microtubule binding [157, 162, 168]. The KMN network is recruited in a 

stepwise manner throughout the cell cycle via two distinct pathways mediated by CENP­

C and CENP-T. Each of these pathways is sufficient to recruit the outer kinetochore in 

vertebrates [41, 133, 169]. The coordinated assembly of the outer kinetochore relies on 

the activity of cell cycle-associated kinases and cell cycle-specific cellular events [170]. 

The Mis12 complex and Knl1 are the first to associate to the kinetochore starting in late 

S phase [133, 171] (Figure 3). This recruitment is mediated through the direct interaction 

between Mis12 and CENP-C [109–111, 121, 172]. Following their initial association, Mis12 

and Knl1 levels gradually increase and are maximally enriched at metaphase [133]. The 

recruitment of Mis12 is facilitated by phosphorylation of Mis12 by the mitotic kinase 

Aurora B, which results in a conformational change that promotes the interaction between 

Mis12 and CENP-C [109, 173]. Upon entry into mitosis and onset of nuclear envelope 

breakdown, Ndc80 is recruited to the kinetochore by two distinct mechanisms [133, 171] 

(Figure 3). First, the Mis12 complex, via its interaction with CENP-C, recruits a single 

molecule of Ndc80 upon mitotic entry [174, 175]. Second, CENP-T can directly bind to 

two molecules of Ndc80 [123, 176, 177], following phosphorylation of two distinct sites of 

CENP-T by mitotic CDK1 [121, 123, 169, 176]. Additionally, CENP-T has been shown to 

independently recruit Mis12 following CDK phosphorylation, therefore indirectly recruiting 

an additional molecule of Ndc80 [169, 176]. Although both CENP-C and CENP-T recruit 

outer kinetochore proteins, work in chicken cells has suggested that CENP-T plays a more 

critical role in the recruitment of the KMN network. In this work, researchers found that 

expressing a CENP-C mutant that lacks its Mis12 complex binding domain did not affect 

mitotic progression in chicken cells. In contrast, CENP-T mutants that lack the ability to 

bind the Ndc80 or Mis12 complexes in the absence of endogenous CENP-T resulted in cell 

death [172]. Further work is needed to determine whether this is true in mammalian cells.

Although Ndc80 is essential for mediating kinetochore/microtubule interactions, additional 

microtubule-binding proteins are recruited to the outer kinetochore throughout mitosis 

to strengthen and stabilize this interaction. The first of these proteins is the Skal 
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complex, which functions to enhance the microtubule binding activity of Ndc80 [178–

180]. Recruitment of the Ska1 to kinetochores requires Ndc80 and the presence of 

kinetochore/microtubule interactions [181, 182]. The Ska1 complex is first recruited during 

prometaphase and accumulates at kinetochores throughout chromosome congression [133, 

183, 184]. Once kinetochores have established stable attachments to microtubules and are 

properly bi-oriented, the Astrin-SKAP protein complex is recruited to kinetochores [185–

188]. The Astrin-SKAP localizes to bi-oriented kinetochores at metaphase and persists into 

anaphase, such that this complex is thought to play an important role in stabilizing proper 

kinetochore/microtubule attachments [186, 188–190]. Additional proteins also associate 

with kinetochores to regulate spindle microtubule dynamics and facilitate microtubule 

organization (see [191, 192]).

Finally, under conditions where kinetochores fail to generate microtubule interactions, 

kinetochores undergo a dramatic additional assembly step and physical transformation 

where they can expand to form a crescent-like structure on its surface called the 

fibrous corona [193–196]. This fibrous structure forms at kinetochores that lack attached 

microtubules and compacts once kinetochore-microtubule interactions are established [193, 

197]. This process involves a complex network of proteins, including the motor proteins 

CENP-E [198], the dynein/dynactin motor complex [199], the microtubule binding protein 

CENP-F [200], and the RZZ (Rod-ZW10-Zwilch) complex [201, 202]. This structure is 

thought to function to increase the likelihood of microtubule capture and promote Spindle 

Assembly Checkpoint (SAC) signaling in the presence of unattached kinetochores [195, 

197]. The formation of the fibrous corona also precedes the formation of end-on attachments 

in unperturbed cells [195]. The molecular mechanisms underlying kinetochore expansion 

have implicated the RZZ complex and Spindly protein, which together have been shown 

to oligomerize in vitro [203–205]. Depletion of Spindly or RZZ complex components 

prevents kinetochore expansion in the absence of microtubules [203–205]. It remains unclear 

how the RZZ complex is tethered to kinetochores, although Knl1 and Bub1 have been 

proposed to contribute to this process [203, 206]. Once end-on attachments are established, 

the majority of the fibrous corona components are stripped from the kinetochore in a 

dynein-dependent manner, resulting in compaction of the kinetochore structure [207–211]. 

However, CENP-E and CENP-F perform additional roles in chromosome segregation and 

remain at the kinetochore until anaphase [212, 213]. This general process of kinetochore 

compaction is important for proper mitotic progression as disruption of this process results 

in erroneous microtubule attachments as well as chromosome mis-segregation [14, 195, 205, 

211]. Therefore, this regulated morphological change in the outer kinetochore is critical to 

ensure faithful chromosome segregation.

Ensuring the fidelity of mitosis

In mitosis, the kinetochore functions as a scaffold to recruit signaling proteins and monitor 

kinetochore-microtubule attachments. For faithful chromosome segregation to occur, sister 

kinetochores must attach to microtubules from opposing spindle poles to establish bi­

orientation. Through a process called error correction, kinetochore-microtubule attachments 

are monitored by the activity of kinetochore-associated kinases and phosphatases [214]. 

Together, the dynamic association of these factors modulates kinetochore function in mitosis 
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to not only form interactions with microtubules but also to ensure that kinetochores undergo 

proper chromosome segregation.

Although changes in kinetochore composition can dynamically alter kinetochore function, 

some kinetochore activities are modulated without changes to kinetochore assembly 

state. For example, Aurora B kinase regulates kinetochore-microtubule interactions by 

destabilizing the interaction between components of the KMN and microtubules. Ndc80 

is a critical substrate of Aurora B within the KMN, where Aurora B phosphorylates the 

regulatory N-terminal tail of Ndc80, decreasing its affinity for microtubules and therefore 

disrupting erroneous interactions with microtubules [157, 168, 215]. Similarly, Aurora B 

phosphorylates the Ska1 complex reducing its binding affinity for microtubules [179, 216]. 

Once proper kinetochore-microtubule attachments have been achieved, dephosphorylation of 

these substrates is mediated by the activity of two mitotic phosphatases: PP1 and PP2A-B56 

[217–219]. Once dephosphorylated, Ndc80 and Ska1 are able to establish stable interactions 

with microtubules [157, 215, 220–222].

Accurate chromosome segregation is also monitored by an additional set of proteins 

that collectively make up the Spindle Assembly Checkpoint (SAC), which associate 

preferentially with unattached kinetochores. The key function of the SAC is to prevent 

anaphase onset until all chromosomes are stably attached to spindle microtubules [223]. 

This checkpoint is regulated by the activity of two complexes called the mitotic checkpoint 

complex (MCC), which prevents anaphase onset, and the Anaphase Promoting Complex/

Cyclosome (APC/C), an E3 ubiquitin ligase that induces anaphase onset and mitotic exit 

through the targeted degradation of important mitotic proteins [224–226], In addition to 

its role in mediating kinetochore-microtubule interactions, the KMN acts as a scaffold 

for the recruitment of spindle assembly checkpoint proteins. For example, the MCC is 

recruited to the kinetochore by phosphorylation of Knl1 by Mps1, a kinase that is critical for 

initiating the SAC response, as Mps1 phosphorylation activity is required for the recruitment 

of downstream SAC components [227, 228], Once stable microtubule attachments have 

been achieved and sister kinetochores are bi-oriented, the SAC is inactivated to allow for 

mitotic progression [229], The inactivation of the SAC involves the disassembly of the 

MCC, removal of SAC proteins by dynein, and dephosphorylation of kinetochore and SAC 

components by the PP1, localized to the kinetochore through its interaction with Knl1 and 

PP2A-B56 [223, 230].

In summary, the kinetochore continues to be a dynamic structure even once it is fully 

assembled in mitosis. Through the coordinated recruitment of regulatory proteins, the 

kinetochore is able to perform the many functions required to facilitate proper chromosome 

segregation.

Conclusions

The kinetochore is a dynamic molecular protein complex that changes in composition and 

structure throughout the cell cycle to enable the kinetochore to perform distinct functions 

at each cell cycle stage. During interphase, the minimal kinetochore structure present at the 

centromere, the CCAN, performs the important function of maintaining centromere identity 
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through its role in maintaining CENP-A at the centromere. As the cell progresses into 

mitosis, the CCAN reorganizes to enable the recruitment of the outer kinetochore. Once 

in mitosis, the kinetochore functions to recruit proteins required to facilitate the formation 

of kinetochore-microtubule interactions, promote checkpoint signaling to ensure proper 

attachments are made, and expand to enable kinetochore-microtubule interactions to be 

formed. Given the importance of the regulation of these protein-protein interactions, future 

work in understanding the proteins and regulatory mechanisms that enable kinetochore 

function and disassembly will provide a more comprehensive understanding of the 

kinetochore’s role in chromosome segregation and centromere maintenance.
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Figure 1. Dynamic events throughout the cell cycle affect centromere structure.
A. In G1, new CENP-A molecules are deposited at centromeres. This process is tightly 

regulated to ensure this only happens once each cell division cycle. B. During S phase, 

centromere DNA must be replicated. Because no new molecules of CENP-A are deposited, 

this involves the distribution of previously deposited CENP-A molecules such that CENP-A 

molecules are diluted and H3.3 histones are incorporated as placeholders to fill in gaps. 

Throughout S-phase, the CCAN remains assembled upon centromeric CENP-A and helps 

to retain CENP-A centromere following passage of the replication fork. C. In late G2, 
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chromatin is condensed to form the distinct chromosome structures observed in mitosis. 

In addition, centromere DNA must reorganize to orient the centromere proteins to recruit 

of outer kinetochore components and binding to spindle microtubules. D. In mitosis, 

following nuclear envelope breakdown and phosphorylation by CDK1, outer kinetochore 

proteins are recruited to the centromere completing the assembly of the kinetochore and 

enable kinetochores to interact directly with spindle microtubules and facilitate chromosome 

segregation.
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Figure 2. Organization of the Inner Kinetochore.
A. The Inner kinetochore is made up of 5 distinct groups: CENP-C, CENP-N/L, 

CENP-H/I/K/M, CENP-T/W/S/X, and CENP-O/P/Q/U/R. These sub complexes are largely 

interdependent for their localization to the centromere. Direct interactions between inner 

kinetochore sub-complexes, as defined by biochemical reconstitutions and functional 

dependencies, are represented by arrows. B. Although all components of the CCAN are 

present at centromeres constitutively, these proteins undergo reorganization and changes 

throughout the cell cycle. This model represents snapshots of inner kinetochore organization 

at distinct cell cycle phases.
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Figure 3. Organization and assembly of the outer kinetochore.
Recruitment of outer kinetochore components occurs in a step-wise manner. In late G2, 

Mis12/Knl1 are recruited through their interaction with CENP-C. This interaction is enabled 

by Aurora B phosphorylation of the Mis12 complex. Ndc80 is then recruited to the 

kinetochore following entry into mitosis. Once in mitosis, additional proteins are transiently 

recruited to the kinetochore to enable the multiple kinetochore functions in mitosis. In the 

absence of a microtubule interaction, proteins involved in the spindle assembly checkpoint 

(MCC) and the fibrous corona (RZZ, spindly, CENP-E, CENP-F, dynein/dynactin) are 

recruited to kinetochore’s As kinetochore-microtubule interactions are established, the Ska1 

complex and Astrin/SKAP are recruited promote Ndc80 binding to microtubules. Once 

stable kinetochore-microtubule interactions are established and are properly bi-oriented, the 

spindle assembly checkpoint is satisfied and chromosome segregation occurs. CENP-E and 

CENP-F perform additional roles in chromosome segregation and remain at the kinetochore 

until anaphase.
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