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Abstract

Kinetochores have been proposed to play multiple roles in mitotic chromosome alignment,
including initial microtubule (MT) capture, monitoring MT attachments, prometaphase and
anaphase chromosome movement and tension generation at metaphase. In addition, kinetochores
are essential components of the spindle assembly checkpoint (SAC), and couple chromosome
alignment with SAC silencing at metaphase. Although the molecular details of these activities
remain under investigation, cytoplasmic dynein has been implicated in several aspects of MT and
SAC regulation. Recent work clarifies the contribution of dynein to MT interactions and to events
that drive anaphase onset. This review summarizes these studies and provides new models for
dynein function.
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1. Introduction

Kinetochores are transient, chromosome-associated protein assemblies that form during
mitosis to mediate force-producing interactions with MTs, MT binding proteins and
additional components required for mitotic regulation [1-2]. Perhaps the most distinctive
feature of kinetochores in higher eukaryotes is the tri-laminar plate structure revealed by EM
analysis [3]. Functional roles in providing an interface between chromatin and MTs are
suggested by the structures adjacent to the inner and outer plates. Roles in sensing tension
and stretch are suggested by the increasing distance between inner and outer plates at
metaphase. Furthermore, kinetochores are implicated in depositing signaling molecules at
the spindle midzone after anaphase onset, dictating the position of the cytokinetic cleavage
furrow [4]. How kinetochores orchestrate these distinct activities has only recently been
deciphered.

Among the most challenging aspects of kinetochore analysis is the growing number of
proteins that accumulate there and the hierarchy of these proteins in the kinetochore
structure [5]. Approximately 80 proteins have been identified as core kinetochore
components and the organization of many of these proteins is conserved among eukaryotes.
Some features of the outer kinetochore are more complicated in higher eukaryotes including
components of the cytoplasmic dynein pathway and the RZZ complex (rod, zw10, zwilch)
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[2]. The reasons for this additional complexity in higher eukaryotes are not known, but
could include: 1) increased chromosome number, 2) the rapid dispersal of chromosomes into
the cytoplasmic volume after nuclear envelope breakdown and 3) the need to initiate MT-
chromosome interactions de novo in a larger space.

An intriguing component of the more highly-elaborated outer kinetochore is the MT motor
cytoplasmic dynein. Dynein is a multi-subunit, minus end-directed motor responsible for
many aspects of intracellular motility, including organelle transport [6—7], retrograde axonal
transport [7], and cell migration [8]. Dynein is also implicated in multiple mitotic functions.
During the G2/M transition, dynein releases from interphase cargos and localizes to three
novel mitotic loci: 1) the cell cortex, 2) spindle poles, and 3) kinetochores. There is
consensus that polar and cortical localizations of dynein reflect roles in spindle formation/
integrity and spindle rotation/positioning [9-13]. In contrast, the specific contributions of
dynein at kinetochores remain controversial [14]. Kinetochore dynein has been implicated in
MT-attachment [15-17], chromosome movement [18-20] and regulation of the SAC [21-
23]. In addition, several proteins have been proposed to interact, directly or indirectly, with
kinetochore dynein as a means to regulate dynein targeting and/or function. The mechanisms
that coordinate these interactions/functions are not well understood.

2. When is Dynein at the Kinetochore?

Immunofluorescence microscopy (IFM) studies with dynein antibodies demonstrate that
dynein localizes initially to kinetochores during prometaphase [15-17,24]. Dynein
accumulates at kinetochores prior to MT attachment (Fig. 1), and displays exaggerated
recruitment after MT depolymerization [17,24]. The latter suggests that dynein is a
component of the fibrous corona implicated in sensing MT attachment and providing
feedback to the kinetochore. The timing of kinetochore localization together with dynein
inhibition studies suggest that dynein is involved in initial interactions with MTs and in
early aspects of chromosome movement during prometaphase [19,24-27]. Interestingly, as
chromosomes achieve bipolar attachment and approach the metaphase plate (Fig. 1),
kinetochore dynein becomes less prominent by IFM analysis [28]. This reduction in
kinetochore dynein coincides with enhanced dynein labeling along spindle fibers and spindle
poles [22-23]. This transition from kinetochores to spindle fibers is consistent with recent
models that link dynein to checkpoint silencing at metaphase [2,21-23,29-30]. After
alignment, dynein is undetectable at kinetochores [15-16,23], and is not detected on
kinetochores throughout anaphase and cytokinesis (Fig. 1). Although the loss of dynein
labeling at metaphase kinetochores could reflect antibody inaccessibility issues, dynein is
detected on spindle fibers and at spindle poles after alignment [23]. Another possibility is
that the enhanced motility of dynein after alignment reduces dynein accumulation to very
low levels. Consistent with this possibility, live imaging of dynein in Drosophila reveals
kinetochore labeling that persists into anaphase [18]. Additional live imaging studies will be
needed to determine the degree of dynein binding at kinetochores after anaphase onset.

3. Proposed Kinetochore Binding Partners

One approach that has been used to address the function of kinetochore dynein involves
manipulating candidate binding partners. A growing number of proteins have been proposed
to recruit or mediate binding of dynein to the kinetochore, including: dynactin, zw10, LIS-1,
nudE/EL, nudC and Spindly. This section summarizes the evidence linking each to
kinetochore dynein (Table 1).
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3.1: Dynactin

3.2: Zw10

3.3: LIS-1

Dynactin is a multi-subunit complex first identified as a dynein cofactor capable of
stimulating dynein-based transport events in vitro [31-34]. A direct interaction between the
dynein intermediate chains (ICs) and the p150€!u¢d subunit of dynactin implicates dynactin
as a dynein cargo receptor [35-36]. Consistent with this possibility, dynactin is involved in
most examples of dynein-driven transport [7,37]. A role for dynactin in linking dynein to
kinetochores was suggested by initial studies using p50(dynamitin) [24]. This
overexpression approach disrupts the dynactin complex and interferes with dynactin
populations at the kinetochore. Because dynactin depletion from kinetochores has a
significant effect on kinetochore dynein, dynactin was proposed to act as a recruitment
factor for dynein at the kinetochore [24]. Although the specific role in initial recruitment of
kinetochore dynein remains under investigation [23], it is clear that a subset of kinetochore
dynein requires the presence of dynactin.

First identified as a kinetochore checkpoint protein in Drosophila [38], zw10 is an essential
component of the Rod/Zw10/Zwilch (RZZ) complex that is required for kinetochore dynein
activity (reviewed in [30]). Mutations in Drosophila zw10 abolish the localization of dynein
to kinetochores, but do not impact dynein at other mitotic loci [39]. Furthermore, SiRNA-
based depletion of human zw10 reduced dynein levels at kinetochores substantially [40],
suggesting this pathway is conserved among higher eukaryotes. Initially, dynein was thought
to require zw10 indirectly because dynactin is dependent on zw10 for kinetochore binding
[39]. However, recent work has revealed a direct interaction between mitotically-
phosphorylated dynein and zw10 [23]. In addition, the kinetochore population of Spindly
appears to require zw10 [41-42], potentially providing another method of dynein linkage.
Although roles in linking dynein by both direct and indirect mechanisms complicates
interpretation, it remains clear that zw10 and the RZZ complex are intimately involved in
kinetochore dynein recruitment.

Lissencephaly is a brain development disease resulting from mutations in the human LIS1
gene [43]. In addition to playing a role in neuronal migration during development, LIS-1 is
also required for proper cell division [12]. During mitosis, LIS-1 localizes to prometaphase
kinetochores, but is diminished in response to chromosome alignment [12]. This coincides
with the kinetochore to spindle fiber transition for dynein [23]. Biochemical and yeast two
hybrid assays reveal a direct interaction between LIS-1, dynein, and dynactin [12,44].
Overexpression of full-length LIS-1 or LIS-1 fragments did not displace dynactin or dynein
from kinetochores, but did induce defects in dynein function [12,44]. Interestingly,
p50(dynamitin) overexpression effectively depletes LIS-1 from kinetochores, providing
evidence of a protein hierarchy at the kinetochore [44].

3.4: nudE/nudEL

Mammalian nudE and nudEL (nudE-like) are homologues of a dynein regulatory factor first
identified in Aspergillus nidulans [45]. Along with nudF/L1S-1, these proteins were initially
proposed to regulate dynein during neuronal migration [46]. However, more recent studies
also implicate nudE/EL in regulation of dynein kinetochore function. NudE/EL localize to
prophase kinetochores prior to the arrival of dynein and other proteins implicated in dynein
targeting (dynactin, zw10, and LIS-1; [47]). In addition, nudE/EL remain associated with
kinetochores after dynein redistribution at the metaphase-anaphase transition[47]. Despite
differences in the timing of localization, biochemical assays demonstrate a direct interaction
between nudE/EL and specific dynein subunits [47]. Several studies have investigated the
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role of nudE/EL in kinetochore dynein targeting. Microinjection of anti-nudE/EL antibodies
displaced dynein, L1S-1, and dynactin from kinetochores [47]. RNAIi-based depletion of
nudE but not nudEL displaced dynein from kinetochores [48]. In a second study, RNAi-
based depletion of nudEL, reduced levels of kinetochore dynein, LIS-1, and dynactin [49].
Although interactions of nudE/EL with dynein are clear, the specific contribution to
kinetochore targeting requires further investigation.

NudC was first identified in Aspergillus nidulans as a regulator of nuclear migration [50-
51], a process dependent on proper dynein function. The mammalian homologue of nudC is
required for proper cell division and can associate with dynein [52], however it is unclear if
this interaction occurs at the kinetochore. Recently, a mammalian nudC-like (nudCL) has
been implicated in regulating mitotic dynein function [53]. Biochemical analysis revealed an
association between nudCL and dynein, and RNAi-based depletion of nudCL induced
mislocalization of dynein from kinetochores coupled with dynein IC degradation [53]. The
degree to which nudCL mediates kinetochore-specific localization is not clear, especially
because nudCL is largely soluble in mitotic cells and appears to affect dynein stability at
multiple mitotic loci [53]. Further work will be needed to assess protein stability as a
mechanism of mitotic dynein regulation and the function of nudC/CL.

Identified as part of a RNAI screen of mitotic Drosophila S2 cells, Spindly is also
implicated in targeting dynein to kinetochores [41]. Depletion of Spindly reduced
kinetochore dynein levels in Drosophila [41], C. elegans [42] and human cells [41,54].
However, the defective phenotypes resulting from Spindly depletion are somewhat variable.
In Drosophila, Spindly is dispensable for recruitment of dynactin to kinetochores [41],
whereas kinetochore dynactin is dependent on Spindly in worm and human systems [42,54].
The consequences of Spindly depletion on kinetochore function are also divergent, including
misregulation of the SAC [41] and defects in the retention of MT attachments [42], and
spindle rotation [54]. Despite these discrepancies, a common theme is that Spindly is
dependent on the RZZ complex for kinetochore localization and interacts with the RZZ
complex biochemically [42,54]. A significant gap in this model has been the lack of
evidence for an interaction with dynein itself. Given the intimate connection between
dynein, dynactin and RZZ at kinetochores [23-24,39-40], Spindly is likely to play an
important role in dynein function.

Proposed Kinetochore Functions

Dynein is implicated in several aspects of kinetochores function, most of which are essential
for accurate chromosome segregation. Dynein activity has been explored largely through
manipulation of candidate dynein binding partners. Given our incomplete understanding of
these binding partners, it is likely that some experiments affect more than just dynein,
thereby complicating interpretation. This section discusses and evaluates proposed functions
for kinetochore dynein (Fig. 1).

4.1: MT-attachment

Kinetochores mediate the linkage of chromosomes to the mitotic spindle, providing the
interface for direct interactions with MT plus ends. Initial MT-attachment to kinetochores is
coupled to rapid poleward movement of the mono-oriented chromosomes [19,25]. As
chromosomes approach the poles, kinetochores recruit additional MTs which form parallel
bundles known as K-fibers [55]. Several MT-binding kinetochore proteins have been
proposed to initiate and stabilize kinetochore-MT-attachments (K-MTSs), including dynein.
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Dynein was initially implicated in this process based on the observation that mono-oriented
chromosomes move poleward at rates similar to the in vitro motility of dynein [25].
Additional studies have used manipulation of kinetochores to investigate a requirement for
dynein. The first studies on zw10 demonstrated normal chromosome movement in zw10
mutant cells [38]. Because dynein recruitment is dependent on zw10[23,40], this suggests
that dynein is not required for MT-attachment. In contrast, cells expressing high levels of
p50(dynamitin) displayed randomly oriented chromosomes which fail to align at the
metaphase plate [24]. This phenotype could reflect a dynein/dynactin-mediated attachment
defect, or the more globally disrupted state of spindles after p50(dynamitin) expression [24].
More recent studies have started to clarify potential roles for dynein in initial MT-
attachment. Although multiple studies highlight the roles of the Ndc80/Hecl complex in
stabilizing and maintaining end- on MT attachments [56-57], dynein could be involved in
reorienting tangential attachments to end-on attachments [26]. Furthermore, displacement of
the motor domain of dynein from kinetochores destabilized K-fibers, suggesting a potential
role for dynein in stabilizing K-MTs [27]. Complicating these interpretations, some
experiments affect both dynein and dynactin, the latter containing an additional MT binding
subunit. Recent experiments revealing the presence of dynactin-dependent and dynactin-
independent populations of dynein have the potential to focus on dynein-specific phenotypes
[23].

4.2: Prometaphase Chromosome Movement

Of the known motor proteins at kinetochores dynein is widely thought to play a role in
chromosome movement because of its kinetochore localization and minus end-directed
motility. When dynein is inhibited prior to MT-attachment, congression defects and
prometaphase arrest are observed [24]. In contrast, when dynein is inhibited during
prometaphase, either by injection of p50(dynamitin) or anti-dynein antibodies, chromosomes
approach the metaphase plate normally [9,21]. Together these findings suggest a role for
kinetochore dynein in MT attachment, but not chromosome movement. Although
counterintuitive, this is consistent with the fact that kinetochore dynein levels decrease after
bioriented MT attachment when movement is most dynamic [23]. Additional approaches
that deplete kinetochores of the dynein heavy chain [27] or disrupt the dynein-nudE/EL
interaction [47] also reveal fairly normal metaphase alignment. Depletion of both zw10
[19,40] and Spindly [41-42,54] have been used to reduce dynein levels at kinetochores,
however these experiments affect more than just dynein. Zw10 depletion is now known to
reduce dynein, dynactin and Spindly from kinetochores [23,39-42], complicating analysis of
kinetochore-MT interactions. Spindly depletion also has the potential to affect multiple
aspects of kinetochore function because Spindly is also a MT binding protein with plus end
specificity [41]. Together these experiments challenge the specific role of dynein in
prometaphase chromosome movement and encourage analysis of other candidates.

4.3: Anaphase Chromosome Movement

Similar to proposed roles for dynein in prometaphase chromosome movement, dynein is
thought to be the dominant motor for anaphase chromosome movement because of the speed
and direction of dynein-driven transport. However the evidence for kinetochore-associated
dynein during anaphase is limited. In mammalian cells, dynein is not detectable at
kinetochores after metaphase [15-16,23]. In contrast, two studies in Drosophila suggest that
depletion of kinetochore dynein either through disruption of RZZ components [20] or
microinjection of either p50(dynamitin) or anti-DHC antibodies [18] reduced the rate of
anaphase chromosome movement. Interestingly, both studies observed defective poleward
chromosome movement after initial MT attachment. One possible resolution of these
inconsistencies is that dynein affects anaphase chromosome movement indirectly. Either by
determining MT orientation at kinetochores, stabilizing K-fibers, or regulating MT
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dynamics, dynein could contribute to anaphase chromosome movement without acting as a
translocation motor.

4.4: Regulation of the SAC

The mitotic SAC ensures accurate chromosome segregation by resisting anaphase onset until
all chromosomes have achieved alignment at the metaphase plate. In addition, the SAC
provides recognition of successful alignment and timely progression into anaphase (Rev. in
[2]). Central to the SAC are anaphase inhibitor proteins that undergo cyclical recruitment,
“activation” and release from kinetochores to resist anaphase onset [2]. The RZZ complex
functions as a platform for some of these anaphase inhibitors, partially explaining the
phenotypes of RZZ disruption. At metaphase, the RZZ platform and other proteins are
removed from kinetochores and transported towards spindle poles (Rev. in [30]). This event
blocks anaphase inhibitor “activation” on aligned chromosomes in a process known as
checkpoint silencing. Dynein has been implicated in this poleward transport of checkpoint
proteins from kinetochores [30]. Consistent with this model, disruption of kinetochore
dynein function by p50(dynamitin) or injection of anti-dynein IC antibodies results in
metaphase arrest/delay [21,23]. Mechanistically, the metaphase arrest/delay phenotype
reflects the inability of dynein to transport the anaphase inhibitor platforms away from
kinetochores, thereby allowing the continued production of anaphase inhibitors even after
alignment. Several experimental approaches support this model for kinetochore dynein.
Inhibition of dynein motility through ATP depletion blocks poleward streaming of
checkpoint proteins and delays anaphase onset [21]. Studies in Drosophila demonstrated
that dynein is required for efficient removal of the RZZ complex from kinetochores [22,29].
Expression of moderate levels of p50(dynamitin) to affect kinetochore dynactin specifically
results in retention of anaphase inhibitors on metaphase kinetochores and metaphase arrest
[23]. Overall, these findings are consistent with the levels of kinetochore dynein across
mitosis and the effects of dynein interference. However, crucial questions remain in this
model. The specific changes in dynein responsible for initiating motility are not understood
completely, nor are the role for dynein-cofactors such as dynactin. Dephosphorylation of the
dynein ICs after alignment is required for productive streaming and checkpoint silencing
[23]. However, the dynein LICs are also required for removal of the anaphase inhibitor
mad2 [58-59]. Given that phosphorylation of the dynein ICs and LICs plays a role in
metaphase dynein regulation, more studies will be needed to define the enzymology and
regulation of this pathway.

5. Insights into Dynein Complexity at Kinetochores

The large number of interacting proteins and proposed functions for dynein at kinetochores
has produced a complex literature that limits progress on understanding mitotic dynein
regulation. One possibility is that multiple independent populations of dynein coexist at
kinetochores, and that each population performs a different function (Fig. 2). This could
explain how the same basic dynein complex can contribute to so many activities at so many
different stages of mitosis. It would also suggest that each population might be recruited by
a distinct receptor, thereby clarifying the complexity of binding partners. A simple
prediction of this model is that experiments that affect one dynein population would not
necessarily affect all populations. Consistent with this possibility, phosphorylated dynein
can bind kinetochores in the absence of dynactin but not after depletion of zw10 [23]. A
second hypothesis is that dynein is recruited through a single mechanism but undergoes
changes in binding interactions that are coupled to MT attachment, chromosome alignment
and checkpoint silencing (Fig. 3). This model predicts that disruption of early events would
have a major impact on dynein levels, whereas defects in later events would be less
dramatic. Consistent with this hypothesis, the interaction between phosphorylated dynein
and zw10 has been proposed as a mechanism of initial recruitment to kinetochores, and
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disruption of RZZ reduces levels of total dynein at kinetochores across mitosis [23]. In
contrast, kinetochore dynactin depletion reduces the levels of total dynein but does not affect
levels of phosphorylated dynein. This is consistent with dynactin playing a role later in the
sequence of interactions. Together these findings suggest that dynein is recruited through an
interaction between phosphorylated dynein and zw10. Later in chromosome alignment,
dynein leaves the kinetochores by streaming in a complex with dynactin (Fig. 3). Other
binding partners could interact with dynein in between these extremes, perhaps to retain
dynein under tension, facilitate transfer between binding partners or to stimulate dynein
motility. This “sequential interaction” model makes a number of predictions that can be
tested experimentally.

6. Conclusions

The roles of dynein at kinetochores have expanded and evolved over the past several
decades with the advent of new tools and approaches. This has led to a daunting literature.
This review summarizes and re-examines some of the seminal findings in this field. With
new insights and a better understanding of how phosphorylation regulates dynein targeting
and activity, we propose a new model for dynein interactions at kinetochores. This model
suggests that dynein undergoes a series of sequential interactions that allow dynein to
perform different functions during chromosome alignment.
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Figure 1.

Changes in Kinetochore Dynein During Mitosis. Dynein is initially recruited to kinetochores
before MT attachment (A.) and remains at kinetochores during the process of mono-
orientation and association with the spindle (B.) After bi-oriented MT attachments are
achieved (C.), dynein undergoes poleward movement and labels K-fibers and spindle poles.
By anaphase onset (D.), dynein is prominent on spindle fibers but undetectable at
kinetochores.
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Figure 2.

Model 1: Multiple Populations of Dynein Coexist at Kinetochores. One possibility
suggested by the literature is that multiple populations of dynein coexist, are recruited by
distinct receptors and perform different functions. This would allow dynein to mediate
diverse functions such as MT attachment, generation of tension and SAC silencing.
Receptors for these dynein subsets include RZZ, LIS-1/nudE/EL/nudC/CL, dynactin and
Spindly.
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Figure 3.

Model 2: Sequential Interaction Model. A second possibility consistent with the literature is
that dynein undergoes changes in binding that are coupled to MT attachment, kinetochore
stretch and chromosome alignment. Initially recruited through a direct interaction between
phosphorylated dynein and zw10 (t=1), dynein is dephosphorylated (t=2), shifts binding
from zw10 to dynactin (t=3), and translocates away from kinetochores (t=4). In this model,
some binding partners are responsible for transferring dynein from zw10 to dynactin,
whereas others are responsible for activating dynein as a motor.
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Summary of Dynein Binding Candidates, the Impact of Depletion/Disruption on Dynein Levels and Mitotic

Progression.

Kinetochore Dynein
Binding/Recruitment
Partner

Molecular Interactions with
Dynein

Impact on Kinetochore Dynein Levels

Mitotic Progression Phenotypes

Zw10 Dynein IC reduced Premature Anaphase Onset
Dynactin Dynein IC reduced Prometaphase/Metaphase Arrest
NudE/EL Dynein HC, IC, LC8 reduced Metaphase Arrest

LIS-1 Dynein HC, IC normal Metaphase Arrest

NudC/CL Dynein IC NudC-N/A NudCL-reduced Prometaphase/Metaphase Arrest
Spindly N/A reduced Prometaphase/Metaphase Arrest
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