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Abstract

During mitosis, the mitotic spindle is assembled to align chromosomes at the spindle equator in 

metaphase, and to separate the genetic material equally to daughter cells in anaphase. The spindle 

itself is a macromolecular machine composed of an array of dynamic microtubules and associated 

proteins that coordinate the diverse events of mitosis. Among the microtubule associated proteins 

are a plethora of molecular motor proteins that couple the energy of ATP hydrolysis to force 

production. These motors, including members of the kinesin superfamily, must function at the 

right time and in the right place to insure the fidelity of mitosis. Misregulation of mitotic motors in 

disease states, such as cancer, underlies their potential utility as targets for antitumor drug 

development and highlights the importance of understanding the molecular mechanisms for 

regulating their function. Here, we focus on recent progress about regulatory mechanisms that 

control the proper function of mitotic kinesins and highlight new findings that lay the path for 

future studies.
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Mitotic Motors are Controlled Temporally to Function during Mitosis

Many mitotic kinesins are regulated through temporal synthesis and degradation so that the 

protein is only present when needed during mitosis (Fig. 1A). Early studies of kinesin cell 

cycle expression came from simply analyzing protein expression and localization throughout 

the cell cycle. More recent studies include genomic approaches that have begun to uncover 

the transcriptional networks by which kinesin expression can be regulated. For example, 

binding of one or more mitosis-specific transcription factors, such as FOXM1, can promote 
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expression of many cell cycle regulated genes at the G2/M transition [1]. This is interesting 

because FOXM1 is aberrantly expressed in many cancers and could contribute to the 

upregulation of kinesins seen in cancer cells [2]. Other important transcriptional networks 

controlling kinesin expression include those genes regulated by the DREAM/MMB (Myb-

MuvB) complexes [3]. This is a multi-subunit complex that associates with repressive 

subunits, which inhibit gene expression during G1/S, and with activating subunits, which 

stimulate gene expression during G2/M. The promoters of the DREAM/MMB regulated 

genes often contain either a cell cycle homology region or a cell cycle dependent element, 

which can be bound by either the repressive or activating subunits of the DREAM/MMB 

complex. The DREAM/MMB complex is also highly integrated with the p53 control 

network, and p53 is mutated in a large number of cancers, highlighting the importance of the 

exquisite cell cycle control networks. In addition, the DREAM/MMB complex is important 

in controlling developmental expression of many proteins and may help tie together the 

understanding of the differential regulation of kinesin expression during development and in 

different cell types and how this relates to cell proliferation in general.

The levels of kinesin proteins are also controlled by their regulated destruction at the end of 

mitosis. Several kinesins contain destruction box (D-box) or KEN box sequences that are 

targeted by APCCdc20 and by APCCdh1, which are ubiquitin ligases that tag proteins for 

destruction at the metaphase/anaphase transition and during early G1, respectively. The 

Kinesin-10, Kid, is one of the best-characterized examples of regulated destruction of a 

kinesin. Kid is a plus-end directed kinesin that is localized to chromosome arms and 

contributes to chromosome congression by mediating the polar ejection force [4]. It is 

destroyed at the metaphase/anaphase transition through APC to remove the force driving 

chromosomes to the spindle equator, which thus allows chromosomes to move poleward 

during anaphase [5]. The degradation of the budding yeast Kinesin-5, Cin8p, and the 

mammalian Kinesin-14, HSET, requires the activity of APCCdh1 instead of the early mitosis 

APCCdc20 for their regulated destruction during early G1. Although expression of a 

nondegradable Cin8p does not perturb cell cycle progression, there was a small increase in 

the percentage of mitotic cells with abnormal spindles [6]. The consequences of failing to 

degrade HSET have not been examined, although expression of mutant forms of HSET 

during interphase leads to excessive microtubule bundling and cellular toxicity [7].

In addition to cell cycle temporal control, some motors may need to act only at specific 

times during mitosis, and there are multiple cellular mechanisms that contribute to this type 

of motor regulation. The most notable examples are by controlling motor activity by 

modulating specific protein-protein interactions or through the control of the catalytic 

activity of the motor itself. This often occurs through the action of mitotic kinases, such as 

Aurora A/B, Plk1, and Cdk1, which phosphorylate multiple kinesins to regulate their 

specific localizations and activities in the spindle. These types of regulatory mechanisms are 

the focus of the rest of this review.

Spatial Control of Kinesin Activity Ensures Localized Function

The localization of mitotic kinesins can be as diverse as their functions, but the two go hand-

in-hand because kinesins must be localized properly to complete their intended functions. 
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Kinesins accomplish this task by directly binding to subsets of microtubules, to 

kinetochores, or to chromosomes. The affinities for these localizations are precisely 

controlled through gradients, intermolecular interactions with other proteins, and 

phosphorylation or other post-translational modifications (Fig. 1B).

Spatial Control by Gradients

Spindle assembly is under precise spatial regulation, which is controlled in part by the 

presence of gradients of signaling molecules in the spindle. The Ran gradient is found 

primarily around chromosomes and extends toward the spindle poles [8]. This gradient is 

formed because the guanine nucleotide exchange factor RCC1 is localized to chromosome 

arms, which causes a local increase in Ran-GTP around the chromosomes. The Aurora 

B/CPC gradient is controlled by the Chromosomal passenger complex (CPC), which 

consists of the Aurora B kinase along with its associated regulatory molecules INCENP and 

survivin [9]. The CPC targets to chromosome arms early in mitosis, focuses at the inner 

centromere during prometaphase and metaphase and then is left behind in the spindle 

midzone during anaphase and telophase. Both of these gradients have been shown to be 

important in the local regulation of motor activity.

The canonical example of spatial regulation by gradients in mitosis is illustrated by the Ran-

GTP gradient, which regulates spindle assembly factors (SAFs) through binding to the 

nuclear transport receptors importin alpha and beta. During interphase, the Ran-GTP 

gradient is utilized to sequester proteins in the nucleus and then release them upon nuclear 

envelope breakdown. However, during mitosis the nuclear transport receptors are also 

involved directly in spatial control via the Ran-GTP gradient [8]. The importins bind 

specifically to the nuclear localization sequences (NLS) present in many mitotic kinesins. 

High levels of Ran-GTP result in the release of the importins from the kinesin, which can 

then target to its intended destination, such as microtubules or DNA. For the Kinesin-14s, 

this Ran regulation is important to regulate the microtubule cross-linking activity of the 

protein [10], and expression of NLS mutants results in aberrant microtubule cross-linking in 

interphase [7]. The Kinesin-10 Kid is interesting because it has a unique mechanism of 

importin regulation. Kid uses the binding to importins for its initial localization to chromatin 

but is also dependent upon Ran-GTP for continued association with chromosomes [11]. 

Thus for Kid, instead of the Ran-GTP gradient simply releasing the interaction between the 

importins and the cargo, it facilitates the loading of Kid to chromosome arms.

Intermolecular Protein Interactions

Another example of how kinesins are spatially localized is through intermolecular binding 

with other proteins. For example, several kinesins target to the plus ends of the microtubule 

through binding to EB (end binding) proteins, which interact with growing microtubule plus 

ends and act as a hub for recruiting proteins to this location [12]. Motor binding to EBs is 

primarily regulated through an SxIP motif within the kinesin sequence and has been shown 

for Kinesin-5s (Eg5), Kinesin-8s (Kif18B), and Kinesin-13s (MCAK) [13–17]. Mutation in 

the EB binding domain results in a deficiency in targeting to the microtubule plus end and a 

corresponding decrease in microtubule depolymerization activity for both Kif18B and 

MCAK [15, 16], suggesting that EB binding is functionally important for these motors. 
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However, not all plus-end targeted kinesins require EBs for plus end localization. For 

example, the Kinesin-8, Kif18A localizes to the plus ends of K-fibers through an association 

with HURP (Hepatoma UpRegulated Protein). Overexpression of a HURP fragment that 

prevents Kif18A plus end localization leads to decreased association of Kif18A and an 

increased amplitude of kinetochore oscillations [18], ultimately leading to a delay in 

chromosome congression, similar to the phenotype of Kif18A knockdown. To highlight the 

complexity of these mitotic localization networks, HURP localization is also Ran-dependent 

[19], suggesting that the Ran gradient is a master control system that modulates the 

localization of many spindle motors both directly and indirectly by regulating other spindle 

MAPs.

The HURP complex may provide a key point of integration for the control of multiple 

mitotic motors. HURP was identified in a complex of proteins in Xenopus extracts that also 

contains the Kinesin-5, Eg5, the Kinesin-12 (KLP2) targeting protein, TPX2, and the MAP, 

XMAP215 [20]. Disruption of HURP results in defects in chromatin-mediated spindle 

assembly, suggesting that the effects of HURP are not limited to K-fiber associated motors. 

However, while the phenotypes of TPX2 disruption and HURP disruption are similar, they 

appear to act in independent pathways during spindle formation, suggesting that the HURP 

complex is not constitutively active [21]. Dissecting the contributions of each individual 

protein within these complexes as well as understanding the integration of activities will be 

important future endeavors.

The regulated binding of proteins to subsets of microtubules is also important in late mitosis. 

A major player in this process is PRC1, which serves as a scaffold for assembly of many 

proteins in the spindle midzone [22]. PRC1 is essential for central spindle assembly through 

its recruitment of the Kinesin-6 proteins MKLP-1 and MKLP-2, which are both essential for 

cytokinesis [22]. In vivo, the Kinesin-4, Kif4, is essential for targeting PRC1 to the central 

spindle [23]; however, elegant in vitro reconstitution experiments have demonstrated that 

PRC1 and XKlp1 (another Kinesin-4) coordinately regulate central spindle assembly by 

interacting specifically in regions of anti-parallel MT overlap and controlling the dynamics 

of the plus-ends of central spindle microtubules [24].

Phosphorylation by Mitotic Kinases

One major mechanism to control the localization of motors within the spindle is through 

protein phosphorylation, which has been shown to be critical for localization of several 

mitotic kinesins. The first example of this phosphoregulatory control was shown for the 

Kinesin-5s, where phosphorylation by Cdk1 of the Eg5 tail was shown to be required for 

localization of Eg5 to the spindle microtubules [25, 26]. It has been shown that Aurora 

kinases also contribute to Kinesin-5 targeting in C. elegans and X. laevis [27, 28], 

highlighting the complexity of these phosphoregulatory networks. The timing of the 

phosphorylation at individual sites is also important. While phosphorylation of the tail of 

Kinesin-5s early in mitosis is essential to target it to the spindle, phosphorylation of the 

yeast Kinesin-5 Cin8p weakens its microtubule association late in mitosis to control the rate 

and extent of anaphase spindle elongation. The localization of the Kinesin-6 proteins to the 

central spindle is also regulated by phosphorylation by multiple kinases. Phosphorylation of 
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PRC1 by Cdk1 prevents its association with the spindle until late mitosis when 

dephosphorylated PRC1 binds to the spindle and recruits Kinesin-6 proteins [22].

In addition, the Kinesin-6 proteins are phosphorylated by spindle midzone-associated 

Aurora B, which positively influences their association with the central spindle [29]. In 

addition to targeting motors to spindle microtubules, phosphorylation is also important for 

localization of some kinesins to other spindle structures, such as chromosomes, 

kinetochores, or spindle poles. The best characterized example of this type of regulation is 

for the Kinesin-13 MCAK (Mitotic Centromere-Associated Kinesin), which is a microtubule 

depolymerizing kinesin that localizes to at least three distinct places in the cell during 

mitosis [30]. Aurora B positively influences MCAK localization to centromeres by 

phosphorylating S110 in its kinetochore-targeting domain, whereas phosphorylation at T95 

promotes association with chromosome arms. Aurora B also indirectly facilitates MCAK 

association with centromeres by phosphorylation of Sgo2, which then interacts with MCAK 

and targets it to centromeres [31]. Aurora-B dependent phosphorylation is physiologically 

important in error correction, as phosphorylated MCAK is enriched at merotelically attached 

kinetochores [32]. Additionally, MCAK phosphorylation by Aurora A within its C-terminus 

regulates its association with spindle poles and contributes to Ran-regulated spindle 

bipolarity [33]. In contrast, Aurora A phosphorylation of the Kinesin-13 Kif2a decreases its 

microtubule association, whereas Plk1 phosphorylation of Kif2a increases its microtubule 

and pole localization [33, 34]. Together these studies highlight the intricate phosphorylation 

networks that control the localization of just one family of motors and thus influence 

localized spindle microtubule dynamics.

The spatial localization of Kid is also controlled by Cdk1 phosphorylation, which regulates 

the binding affinity of Kid to microtubules, which in turn influences the pool of available 

Kid to bind to chromosome arms [35]. The binding of Kid to spindle microtubules is further 

regulated by CHICA, a novel spindle protein required for chromosome congression [36]. 

Thus, Kid is regulated spatially and temporally by the Ran-GTP gradient, phosphorylation, 

and protein-protein interaction providing an example of how the cell uses multiple 

mechanisms to ensure the precise localization of mitotic motors to sub-spindle structures. 

Understanding the mechanisms that coordinate Kid function on the spindle versus the 

chromosome arms will provide significant new insights into how the polar ejection force 

contributes to chromosome congression.

Modulation of Motor Activity is Critical to Proper Spindle Function

While the proper expression and physical localization of mitotic kinesins are essential for 

mitosis, ensuring that the activities of motors are precisely tuned is also an important 

regulatory mechanism. Three kinesin families (Kinesin-5, Kinesin-7, and Kinesin-13) 

provide excellent examples for how the activities of motors can be regulated.

It is well-established that the motility of conventional kinesin, Kinesin-1, is regulated by 

cargo binding to the tail domain, which relieves kinesin autoinhibition allowing for vesicle 

motility during interphase [37]. Likewise, cargo binding of Kinesin-5 also regulates motility 

but by a different mechanism (Fig. 2A). The Kinesin-5, Eg5, is a plus-end directed motor 
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that has two motor dimers oriented in an anti-parallel fashion with a pair of motor domains 

(heads) on either end (Fig. 2A) [38]. This dumbbell structure allows Eg5 to crosslink and 

slide apart two microtubules [39]. Eg5 utilizes ATP-independent diffusion when it binds to 

single microtubules, whereas binding to a second microtubule activates ATP hydrolysis 

activity and switches Eg5 from diffusive to directed movement [40]. This allows Eg5 to only 

slide microtubules when it is actively engaged in microtubule cross-links, which contributes 

to spindle pole separation. Eg5 can also tether to microtubule plus-ends, which may be 

important in parallel microtubule cross-links in the half spindle. Furthermore, it was shown 

that Eg5 possesses another microtubule binding site in its tail that enhances motor 

processivity, microtubule association, and microtubule crosslinking [41], but it is still 

unknown how microtubule-binding events regulate the motor activity. It has been proposed 

that the tail-motor and/or tail-microtubule interaction triggers allosteric changes in the 

protein that mediate the switch of Eg5 motor activity between the two microtubule-binding 

states [41, 42]. The regulation of microtubule cross-linking activity has also been shown for 

members of the Kinesin-14 family, which are minus-end directed motors. Like Eg5, the 

Kinesin-14s are activated by microtubule cross-linking [43] to slide anti-parallel 

microtubules, but they tether parallel microtubules [44]. Given that Kinesin-5 and 

Kinesin-14 proteins play antagonistic roles in spindle length control and that this antagonism 

can be recapitulated in vitro [45, 46], this system will be ideal to begin to look at the 

integration of motor activity and regulation in more complex motor ensembles.

Motor protein activity can also be regulated through intramolecular interactions. Cenp-E, a 

member of the Kinesin-7 family of plus-end directed motor proteins, acts at the kinetochore-

microtubule interface to direct chromosome congression by moving chromosomes towards 

the spindle equator [47, 48]. Like the canonical transport protein Kinesin-1, the motor 

activity of Cenp-E is autoinhibited by direct binding of the C-terminal tail to the motor 

domain [49, 50] (Fig. 2B). Phosphorylation of the tail by either MPS1-or Cdk1- reverses the 

autoinhibition, which provides a mechanism to activate Cenp-E motility during early mitosis 

when it is needed for chromosome congression.

Not all intramolecular interactions of kinesins are autoinhibitory. For example, the 

microtubule depolymerization activity of MCAK is regulated by Aurora B-dependent 

phosphorylation of S196 in the neck domain of MCAK. Phosphorylation at this site could 

potentially disfavor electrostatic interactions of the positively charged neck with the 

negatively charged microtubule lattice [51]. However, this regulation is more complex 

because it was shown that Aurora B phosphorylation at S196 changes MCAK from a closed 

to open conformation, which results in a decrease in MCAK affinity for the microtubule that 

contributes to reduced microtubule depolymerization activity [52]. This means that for at 

least some Kinesin-13s, a closed conformation is the high-affinity binding state to 

microtubule ends to stimulate microtubule depolymerization.

The effects of phosphorylation on motor activity are counteracted by the opposing roles of 

serine-threonine phosphatases, such as PP1 and PP2A. For example, the motor processivity 

and the microtubule binding of Cenp-E are reduced by Aurora A and Aurora B-mediated 

phosphorylation at T422, which lies close to the motor domain (Fig 2B). This results in the 

ability of Cenp-E to drive mono-oriented chromosomes near the pole toward the spindle 
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equator. However, this activity needs to be modulated in order for chromosomes to become 

stably attached to spindle microtubules once they are bi-oriented. Adjacent to T422 is a 

docking motif for type 1 phosphatase (PP1γ), which blocks the direct binding of Aurora 

kinases and allows Cenp-E to deliver PP1 to kinetochores, where it also helps contribute to 

the stable bi-orientation of chromosomes [53]. These activities are also spatially controlled 

because an Aurora A gradient emanates from the spindle poles whereas Aurora B and PP1γ 

are primarily localized at the kinetochores. Thus, this Aurora/PP1 switch is critical for 

spatially modulating Cenp-E’s role in chromosome congression and stable bi-orientation. An 

Aurora/PP1 regulatory network also plays a role in the bi-orientation of chromosomes in 

fission yeast by its regulation of the plus-end directed Kinesin-8 proteins, Klp5 and Klp6. 

The non-motor tail domains of Klp5 and Klp6 bind to PP1Dis, and the association of PP1Dis 

is required for chromosome bi-orientation and for efficient spindle checkpoint silencing 

[54].

Integration of Phosphoregulatory Mechanisms

Emerging evidence suggests there is intense crosstalk between different regulatory 

pathways. For example, although Aurora A and Aurora B have distinct localizations and 

fundamentally different functions, they share some substrates, such as CENP-E, Kif18B, 

MCAK, Kif2a, and TPX2 to cooperatively regulate mitotic events [55]. In addition, some 

kinases and phosphatases simultaneously hit the same kinesins to tune the balance between 

phosphorylation and dephosphorylation to modulate activity or spindle targeting [56, 57]. 

For instance, centrosomal Plk1 and Aurora A antagonistically regulate the spatial targeting 

and depolymerase activity of Kif2a. In early mitosis, as the spindle starts to form, Aurora A 

phosphorylation of Kif2a inhibits its enzymatic activity and decreases the targeting of Kif2a 

on spindle microtubules, which allows for stabilization of the minus ends of microtubules 

that are emanating from the chromatin. After these microtubule minus ends are embedded in 

the spindle poles, Plk1 then activates Kif2a, which results in depolymerization from the 

microtubule minus ends to exert the pulling force for microtubule poleward flux [58]. Multi-

kinase regulation has also been demonstrated for MCAK, Eg5, and MKLP-1, suggesting that 

this is likely a common mechanism of action.

The importance of the kinase/phosphatase balance at the kinetochore has also been shown 

for Aurora B/PP2A, which controls the phosphorylation levels of multiple substrates at the 

kinetochore [57]. This type of balanced phosphorylation/dephosphorylation system is going 

to be critical to maintain the fine spatial gradients of Aurora B phosphorylation at the 

kinetochore, wherein tension is thought to allow substrate movement into and out of the 

regions of highest Aurora B kinase activity [59]. Together these studies highlight the fine-

tuned control that is needed to locally modulate spindle protein function.

The above studies provide an example of how multiple kinase and phosphatase pathways 

can be integrated. However, an additional complexity will be to elucidate how the more 

global gradients of Ran-GTP and the Aurora B/CPC around the chromosomes and 

centromeres coordinately regulate these mitotic proteins. While it is known that both 

pathways contribute to spindle assembly [60], their local concentrations and activation could 
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differentially affect the activity of their downstream targets, some of which are identical 

between the two pathways.

Conclusions

In order to ensure the fidelity of mitosis, mitotic kinesins need to be highly regulated in both 

space and time and to locally control their activity. These distinct temporal and spatial 

regulatory mechanisms can affect the same motors at different points in the cell cycle and 

different motors at the same point in the cell cycle. Although the past few decades have 

resulted in large advances in our understanding of the general mechanisms by which these 

motors are regulated, there is still much to learn about individual pathways of regulation. In 

addition, newer proteomics approaches are identifying novel protein-protein interactions and 

putative sites of phosphoregulation and other post-translational modifications, which should 

provide a complete roadmap of the mitotic spindle [61, 62]. However, lists are simply lists, 

until the functional and mechanistic analyses help elucidate how these individual changes 

modulate the localization and activity of each substrate and how these individual regulatory 

events are integrated into the global network of the spindle itself. Then we will be able to 

build a more detailed roadmap of mitosis.
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Figure 1. 
Mechanisms that Control Mitotic Kinesin Localization. (A) Mitotic kinesins are regulated 

during the cell cycle through synthesis and degradation. The numbered circles represent 

different kinesin families and are in general representative of vertebrate kinesins. (B) 

Distinct kinesin family members are localized to different regions of the spindle, which is 

often controlled by binding partners and by regulatory proteins. Note that the precise 

localization of individual motors may vary between systems, and this provides a general 

overview of motor localization as it relates to motor function. Cartoon representations are 

modeled after [37].
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Figure 2. 
Regulation of Mitotic Motor Activity. (A) Eg5 diffuses on a single microtubule in an ATP-

independent manner. When Eg5 binds to a second microtubule, its ATP hydrolysis activity 

is stimulated, and Eg5 switches from diffusive to directed movement toward the microtubule 

plus end. Eg5 can either crosslink and slide apart antiparallel microtubules or crosslink and 

generate force on parallel microtubules. (B) The motor activity of Cenp-E is autoinhibited 

by direct binding of the tail to the motor. This autoinhibition is reversed by phosphorylation 

of the tail by either MPS1 or Cdk1 kinase. Phosphorylation by Aurora A/Aurora B at T422 

also contributes to regulation of Cenp-E during chromosome congression. After 

chromosome alignment, the activity of Cenp-E is fine-tuned by a balance between Aurora 

kinases and PP1γ phosphatase to maintain chromosome bi-orientation. Type 1 phosphatase 

(PP1γ) can bind to a docking motif adjacent to T422, blocking the binding of Aurora kinases 

and allowing Cenp-E to deliver PP1 to kinetochores, where it contributes to the stable bi-

orientation of chromosomes.
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