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Role of cytoplasmic dynein 

and dynactin in mitotic 
checkpoint silencing

Cody W. Lewis, Gordon K. Chan
University of Alberta, Edmonton, AB, Canada

Cells need to maintain their genomic stability; therefore chromosomes must 
be faithfully segregated during mitosis. The failure to correctly segregate 
chromosomes induces aneuploidy, which causes genetic diseases including 
Klinefelter syndrome [1] and Down syndrome [2] and is associated with can-
cer [3]. To achieve faithful chromosome segregation, forces are required to 
congress the chromosomes to the metaphase plate and pull sister chroma-
tids apart during anaphase. The forces are generated through the attach-
ment of microtubules (MTs) to kinetochores. MT dynamics and molecular 
motors contribute to generating the force required for chromosome align-
ment and segregation. Cytoplasmic dynein/dynactin plays an important role 
in transporting cargos such as chromosomes and regulatory proteins during 
mitosis. The mitotic checkpoint is a fail-safe mechanism that prevents pre-
mature chromosome segregation. Even if a single chromosome is unaligned, 
the mitotic checkpoint prevents mitotic exit by generating an “anaphase 
wait” signal [4]. The mitotic checkpoint monitors kinetochore–MT attach-
ment and tension to ensure that all chromosomes are properly attached and 
aligned before the onset of anaphase. Once metaphase alignment occurs, 
the mitotic checkpoint is silenced for anaphase to proceed. In this review, 
the role of cytoplasmic dynein/dynactin in mitotic checkpoint silencing will 
be discussed.

18.1  Kinetochore
The kinetochore is a complex protein structure that is assembled on the cen-
tromeric chromatin of the sister chromatids. The kinetochore serves as the 
site of MT attachment as well as mitotic checkpoint regulation. The kineto-
chore is composed of approximately 200 different constitutive (always pres-
ent) and transient proteins [5,6]. It appears as a trilaminar stack of plates 
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when viewed by transmission electron microscopy with conventional glu-
taraldehyde fixation [7]. The composition of the inner and outer layers is 
well characterized, whereas the composition of the middle layer is not well 
defined. More gentle fixation technique, high-pressure freezing, revealed 
that the outer layer is composed of a network of fine fibers [8,9]. The inner 
layer is composed of constitutive proteins and complexes that link the 
kinetochore to centromeric DNA. The inner layer contains proteins such as 
the histone H3 variant centromere-associated protein (CENP)-A and DNA-
binding proteins CENP-B and CENP-C [10]. On the centromeric DNA, the 
constitutive centromere-associated network serves as a platform for the 
assembly of the kinetochore during mitosis [11]. The outer kinetochore layer 
contains many transient proteins that accumulate on the kinetochore dur-
ing late G2 phase and early mitosis. When MTs are not attached, the out-
ermost kinetochore layer appears as a fibrous protein network, the fibrous 
corona [7]. This outer layer contains dynein/dynactin [12–15], CENP-E [16] 
(a kinesin-like motor protein), KMN protein complexes (Knl1, Mis12/Nsl1/
Dsn1, Ndc80/Nuf2/Spc24/Spc25) [17], and the spindle- and kinetochore-
associated (Ska) complex, [18–24] which directly interface with the MTs 
allowing the chromosomes to be moved and positioned at the metaphase 
plate. The outer kinetochore plate also contains crucial mitotic checkpoint 
protein complexes including the RZZ (Roughdeal, ZW10, and Zwilch) 
[25–30], Mad1/Mad2 [31–34] and the mitotic checkpoint complex (MCC) 
[35–37]. For detailed reviews of the structure and assembly of the kineto-
chore, please see recent publications [5,38]. Cytoplasmic dynein/dynac-
tin, from Caenorhabditis elegans to human, is recruited to the kinetochores 
during mitosis. The kinetochore recruitment of dynein/dynactin has been 
shown to require the RZZ complex, as well as other proteins such as Spindly, 
NUDE, NUDEL, and Lis1 but the precise molecular mechanism is still unclear 
(reviewed in Ref. [39]).

18.2  Kinetochore–microtubule 
attachment and error 
correction

Bipolar attachment of kinetochores to spindle MTs is essential for aligning 
chromosomes at the metaphase plate. Kinetochores can attach to spindle 
MTs through lateral (binding the surface of the MT) or end-on attachment 
(kinetochore binding to the end of the MT); however, the desired outcome 
is to achieve bioriented end-on MT attachment [40]. During prometaphase, 
kinetochore–MT attachments are made in a stochastic manner and some of 
these are not conducive for faithful chromosome segregation. For example, if 
both sister kinetochores become anchored to MTs originating from the same 
spindle pole (syntelic attachments), then the forces necessary to segregate 
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sister chromatids would not be present, which would induce aneuploidy if not 
corrected (reviewed in Refs. [41,42]). An error correction mechanism exists 
and is regulated by reversible phosphorylations [43]. Incorrectly attached MTs 
can be destabilized through increased phosphorylation of the KMN complex, 
the mitotic centromere–associated kinesin (MCAK) of the kinesin 13 family 
of MT depolymerases [44,45], and other proteins by kinases such as Aurora 
B [46,47], Plk1 [48], and Cdk1/cyclin A [49]. The chromosomal passenger 
complex (CPC), containing the catalytic module Aurora B kinase and the scaf-
folding protein INCENP, localizes to the inner centromere and acts as a kinet-
ochore tension sensor. In response to incorrectly attached kinetochore and 
unequal kinetochore tension, the CPC promotes error correction by desta-
bilizing kinetochore–MT attachment and activates the mitotic checkpoint 
(reviewed in Ref. [50]). Once the kinetochore–MT attachment is severed, the 
phosphorylation of the KMN complex is reversed by proteins phosphatases 
(PP1 and PP2A) [46,51], which allows the kinetochore to reattach to MTs and 
eventually achieve correct attachment. The mitotic checkpoint prevents pre-
mature anaphase to allow time for the error correction and all chromosomes 
to align at the metaphase plate.

18.3  The mitotic checkpoint
The mitotic checkpoint prevents the metaphase–anaphase transition by 
inhibiting the degradation of cyclin B and securin. Cyclin B is a Cdk1 regula-
tory subunit that is needed to drive mitosis [52], whereas securin is a repres-
sor of separase, an enzyme that hydrolyzes RAD21, a subunit of the cohesin 
complex that holds sister chromatids together [53]. The mitotic checkpoint 
detects chromosome alignment by monitoring (1) kinetochore–MT attach-
ment and (2) equal sister kinetochore tension. The kinetochore sends out 
an “anaphase-wait” signal when these two conditions are not satisfied. The 
unattached or unaligned kinetochore recruits sensor and effector proteins 
that inhibit the anaphase promoting complex/cyclosome (APC/C) [54,55]. 
The APC/C is an E3 ubiquitin ligase, which together with its coactiva-
tor Cdc20 [53] triggers the onset of anaphase through the degradation of 
cyclin B and securin. Mitotic checkpoint genes were originally identified in 
budding yeast genetic screens [31,56,57]. Bub1, Bub3, Mad1, Mad2, Mad3, 
and Mps1 were found to be conserved from yeast to human [58,59]. Many 
conserved kinetochore kinases, including Bub1, Plk1, Mps1, and Aurora B, 
were also identified to be important mitotic checkpoint signaling regula-
tors [60]. During prometaphase, the RZZ complex localizes to kinetochores 
where it is required for the recruitment of Mad1 and Mad2 [61,62]. With 
the formation of a Mad1/Mad2 tetramer at the kinetochore of an unaligned 
chromosome, Mad2 undergoes a templated conversion from the open 
inactive form (O-Mad2) to the closed active form (C-Mad2) [63–66]. The 
closed Mad2 interacts with BubR1, and Bub3 to bind Cdc20, and form the 
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MCC [36,67,68]. The MCC directly binds the APC/C and inhibits its activ-
ity, thereby preventing anaphase onset (reviewed in Ref. [60]). However, 
once the mitotic checkpoint is satisfied, the MCC is disassembled, allowing 
free Cdcd20 to activate the APC/C. The inactivated MCC and other mitotic 
checkpoint proteins are removed from the kinetochore during metaphase by 
dynein/dynactin [69,70].

18.4  Mitotic checkpoint silencing
The silencing of the mitotic checkpoint occurs in at least three ways: (1) 
molecular disassembly of the MCC; (2) displacement of the Mps1 kinase from 
kinetochore following kinetochore–MT attachment; and (3) dynein/dynactin-
mediated shedding of mitotic checkpoint proteins from kinetochores (reviewed 
in detail in the subsequent sections).

Currently, three players have been identified that facilitate mitotic check-
point silencing through the disassembly of the MCC: p31comet/thyroid hor-
mone receptor interactor 13 (TRIP13), CCT chaperonin, and CUEDC2. 
p31comet is a Mad2-interacting protein, which binds preferentially to C-Mad2 
and blocks conversion of O-Mad2 to C-Mad2 [71–74]. Mad2-p31comet bind-
ing also promotes disassembly of Cdc20 from BubR1 and Bub3 of the MCC 
[75]. TRIP13, an AAA ATPase, binds p31comet and participates in the disassem-
bly of MCC [76,77]. TRIP13 forms a hexameric oligomer ring structure in vitro 
and catalyzes the conversion of C-Mad2 to O-Mad2 [78,79]. CCT chaperonin 
(TCP1–Ring complex) is an ATP-independent complex that mediates the disas-
sembly of mitotic checkpoint subcomplexes that lack Mad2 [80]. CUEDC2, a 
CUE domain-containing protein, is required for the release of Mad2 from the 
APC/C during mitotic exit [81]. Following phosphorylation by Cdk1, CUEDC2 
binds to Cdc20 but the detailed mechanism that leads to the disassembly of 
MCC is unclear.

Another pathway, conserved from yeast to humans, has been described to dis-
assemble the MCC through APC/C-dependent autoubiquitylation of Cdc20 
and subsequent degradation [82–85]. The E2 ubiquitin-conjugating enzyme, 
UbcH10 [86,87], and the APC/C subunit APC15 [83–85] are critical in this pro-
cess. Recent structural analysis of recombinant APC/C and MCC revealed that 
a conformational change allows the autoubiquitylation of Cdc20 [88]. This 
conformational change might be facilitated by p31comet in higher eukaryotes 
[86,89].

The MCC silencing mechanisms described above do not take into account 
the role of the mitotic checkpoint in monitoring kinetochore–MT attach-
ments and tension. Mps1, a kinase that is required for the initiation of the 
mitotic checkpoint, binds to the kinetochore through interaction with the 
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kinetochore MT–binding protein, Ndc80 [90]. On binding of MT to Ndc80, 
the Mps1-binding site becomes inaccessible and releases Mps1 from the 
kinetochore [91,92]. This results in weakened kinetochore Mps1 signaling and 
contributes to mitotic checkpoint silencing. In budding yeast, kinetochore–
MT end-on attachment displaces Mps1 kinase from its substrate Spc105 (Knl1 
orthologue) [93]. The budding yeast Dam1 complex, a 10-member protein 
ring complex, binds to kinetochore MTs and is the functional equivalent of 
the metazoan Ska complex [94–96]. The Dam1 complex is recruited to MT 
after attachment and might physically shield the Mps1 kinase from Spc105 
and initiate checkpoint silencing [93]. Kinetochore–MT attachment–induced 
displacement of Mps1 is proposed to be a mechanical switch that turns off 
kinetochore mitotic checkpoint signaling in yeast. On the other hand, pro-
tein phosphatases counteract the mitotic kinases and are required for mitotic 
checkpoint silencing. PP1 is targeted to kinetochores through different pro-
teins including Knl1 [97], CENP-E [98], Sds22 [99], and the Ska complex 
[100]. Knl1-mediated PP1 kinetochore localization is required to counter-
balance Aurora B kinase phosphorylation and mitotic checkpoint silencing 
[101,102]. The Ska complex, a kinetochore and MT-binding protein com-
plex, has been found to recruit PP1 to metaphase kinetochores and drives the 
metaphase–anaphase transition [100]. PP1 might target different phosphory-
lation sites depending on the specific targeting protein. The precise mecha-
nism is not known but it is reasonable to hypothesize that kinetochore–MT 
attachment allows the recruitment of the Ska-PP1 complex and reverses 
mitotic checkpoint signaling.

18.5  Dynein/dynactin and Spindly
Dynein/dynactin is recruited to kinetochores during mitosis in metazo-
ans. Kinetochore recruitment is mediated by the RZZ complex [27,103] and 
Spindly [104,105]. Spindly is a mitotic cargo adaptor protein and together 
with dynein/dynactin forms an active tripartite complex [106]. Spindly binds 
to the kinetochore through interaction with the RZZ complex [104,107,108], 
which recruits the dynein/dynactin motor to kinetochores resulting in the 
assembly of the active complex [109]. Depletion of human Spindly by 
siRNA knockdown resulted in prolonged metaphase arrest [104,110,111] 
but did not cause the accumulation of mitotic checkpoint proteins after 
metaphase chromosome alignment [107,108] indicating the presence of 
an alternative mechanism(s) in removing mitotic checkpoint proteins from 
kinetochores after chromosome alignment. Gassmann et al. subsequently 
identified a conserved motif in Spindly that mediates kinetochore recruit-
ment of dynein [112]. Through analysis of the Spindly motif mutant, it was 
found that Spindly is indeed required for dynein/dynactin-mediated shedding 
of kinetochore mitotic checkpoint proteins. Since Spindly depletion results in 
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prolonged metaphase arrest, dynein/dynactin-mediated shedding of kineto-
chore mitotic checkpoint proteins must be a crucial checkpoint silencing 
mechanism.

18.6  Dynein/dynactin-mediated 
shedding of kinetochore 
mitotic checkpoint proteins

Since key mitotic checkpoint proteins require kinetochore localization for its 
checkpoint function, silencing of the checkpoint involves removing the kinet-
ochore mitotic checkpoint proteins from the kinetochores at the end of mito-
sis. The dynein/dynactin motor transports the mitotic checkpoint proteins 
from the kinetochores to the spindle poles, a process that has been termed 
“shedding.” Mad2 transport away from kinetochores toward the spindle pole 
was first observed by Howell et al. [113]. Howell et al. subsequently observed 
that ATP depletion resulted in the kinetochore depletion of many outer 
kinetochore proteins including dynein and Mad2 and their accumulation at 
the spindle poles in PtK1 cells [114]. Inhibition of dynein/dynactin activity 
through either microinjection of recombinant p50 dynamitin or antidynein 
antibody resulted in the failure of kinetochore depletion of Mad2 and mitotic 
arrest at metaphase. These results demonstrated the checkpoint silencing role 
of dynein/dynactin as the MT motor that mediates removal of mitotic check-
point proteins from kinetochores at the end of metaphase. The dynein-depen-
dent kinetochore Mad2 shedding is conserved in both Drosophila [115] and 
fission yeast [116].

Dynein light intermediate chain (LIC) was found to be an essential subunit that 
is required for kinetochore Mad2 shedding and mitotic checkpoint silencing 
[115,117]. While LIC1 siRNA-mediated depletion did not affect kinetochore 
recruitment of Mad2 and dynein [111,115,117] in HeLa cells, cells depleted 
of LIC1 are arrested in mitosis and failed to remove kinetochore Mad2 [117]. 
Cdk1 phosphorylation of LIC1 was shown to be required for kinetochore Mad2 
shedding. More recently, a second isoform LIC2 was shown to play a nonre-
dundant role with LIC1 in checkpoint silencing. Using quantitative imaging and 
siRNA-mediated depletion, Mahale et al. found that LIC2 is required for kineto-
chore shedding of Mad1, Mad2, ZW10, and BubR1 [118]. Comparatively, the 
depletion of LIC1 had little effect on the transport of BubR1. Codepletion of 
LIC1 and LIC2 provided an additive effect on mitotic arrest duration [111,119] 
and Mad2 kinetochore shedding [118]. LIC2 was found to copurify with Mad1, 
ZW10, and BubR1 in a TAP-tagged LIC2 expressing U-2 OS cell line. These 
results suggest that LIC1 and LIC2 might serve an overlapping role in mediating 
the dynein-dependent transport of kinetochore mitotic checkpoint proteins. LIC 
proteins have been shown to bind cargo adaptor proteins such as FIP3, RILP, 
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BicD2, and Hook3 [120–124]. However, it is not clear whether LIC1 and LIC2 
interact with the mitotic cargo adaptor Spindly and/or mitotic checkpoint pro-
teins directly.

Studying transport of kinetochore proteins was made easier with the dis-
covery by Arasaki et al. that the small molecule nordihydroguaiaretic acid 
(NDGA) affects dynein/dynactin cellular functions [125]. Of particular inter-
est is that NDGA treatment resulted in shedding of kinetochore proteins such 
as ZW10 and EB1 accompanied by their accumulation at the spindle poles 
in HeLa cells. Most interestingly, the authors showed that NDGA treatment 
enhanced ZW10 interaction with dynein intermediate chain and the dynac-
tin p150Glued. Further investigation showed that transport of kinetochore pro-
teins such as the RZZ complex is dependent on kinetochore–MT attachments 
(either bipolar or monopolar) but is independent of kinetochore tension and 
Aurora B kinase activity [69]. Not surprisingly, proteins that are dynamic com-
ponents of the kinetochores such as Mad2, Mps1, Plk1 [126,127], Spindly, 
and the RZZ complex [25,128] respond to NDGA treatment by kinetochore 
shedding and spindle pole accumulation. Proteins that are known to be sta-
ble components of the kinetochore such as Zwint-1, MCAK, and Aurora B 
[126,127,129] do not respond to NDGA treatment. While NDGA treatment 
produced clear results for some kinetochore proteins, some are difficult to 
interpret and/or variable. NDGA from different sources and different batches 
has different potency and activity, and the assay requires careful quality con-
trol (Vos and Chan, unpublished data). Silva et al. performed the sodium 
azide/2-deoxyglucose ATP depletion assay and found that BubR1 and Bub1 
substantially relocalized from kinetochores to spindle poles at metaphase, 
while NDGA treatment did not result in accumulation of BubR1 at spindle 
poles [130]. The length of ATP depletion seems to affect the behavior of 
BubR1 in this assay; nonetheless, BubR1 and Bub1 are dynein cargos. BubR1 
kinetochore removal during metaphase is independent of dynein, and other 
mechanism of removal exists [117]. ATP depletion and NDGA probably affect 
different targets. Surprisingly, Hec1 and Mis12, components of the KMN 
complex, were observed to localize to spindle poles at metaphase. It is not 
clear whether there were significant accompanying kinetochores shedding 
with the spindle pole accumulation of Hec1 and Mis12; nonetheless, Hec1 
and Mis12 are dynein cargos. It is not intuitive why the KMN complex would 
be disassembled from kinetochores at metaphase as they are required for 
stable end-on kinetochore–MT attachment; however, it has been observed 
that the KMN complex starts to disassemble before anaphase onset [131]. 
Another interesting observation is that Cdc20, a component of the MCC, 
is not transported to spindle poles in either NDGA treatment or ATP deple-
tion assays [69,130]. Since Mad2, BubR1, and Bub3 are all transported to 
the spindle poles at metaphase, this implies that the MCC must be at least 
partially disassembled at metaphase. The precise mechanisms of action for 
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NDGA and ATP depletion remain elusive but disassembly of MCC has been 
shown to require ATP [75]. Nonetheless, both NDGA and ATP depletion are 
valuable research tools.

Other dynein cargos of interest include APC3 (Cdc27), a component of APC/C, 
and cyclin B. Cyclin B localizes to chromosomes, kinetochores, the mitotic spin-
dle, and spindle poles during mitosis [132]. Degradation of cyclin B is a signa-
ture event for metaphase–anaphase transition and was observed to be spatially 
regulated starting from the metaphase mitotic spindle [133]. In Drosophila 
syncytial embryos, cyclin B degradation starts from the spindle poles toward 
the spindle equator in a wave at late metaphase [134]. Cyclin B also binds the 
APC/C through Cdk cofactor Cks and the APC3 subunit [135]. APC/C subunits, 
including APC3, have been reported to localize at centrosomes, MTs, chro-
mosomes, and kinetochores. APC/C at spindle poles has been reported to be 
hypophosphorylated and might represent an inactive pool [136]. APC/C sub-
units have also been reported to localize to centromeres, mitotic spindle, and 
spindle poles [137,138]. A phosphospecific APC1 antibody was shown to label 
both kinetochores and spindle poles indicating that APC/C might be spatially 
regulated. It is unclear whether dynein-mediated transport of cyclin B and 
APC3 to spindle poles is required for spatial and temporal regulation of cyclin B 
degradation.

Recently, the dynein/dynactin-mediated streaming behavior of mitotic 
checkpoint proteins to the spindle poles has been incorporated into a spa-
tiotemporal mitotic checkpoint silencing mathematical model [139]. The 
model postulates that the spindle poles act as a signal integrator for check-
point silencing, receiving transport of mitotic checkpoint proteins from the 
attached kinetochores. Presence of unattached kinetochore somehow inhib-
its poleward flux of mitotic checkpoint proteins. Only when the last kineto-
chore achieves MT attachment, mitotic checkpoint proteins accumulate at 
the spindle poles and trigger mitotic checkpoint silencing. However, NDGA 
treatment of cells results in accumulation of mitotic checkpoint protein at 
the spindle poles but does not cause premature silencing [69,125]. The 
relationship between mitotic checkpoint protein accumulation at spindle 
poles and the silencing trigger might be more complicated. While many 
aspects of the model require experimental validation, the model does offer 
a possible solution as a robust mechanism for mitotic checkpoint silencing 
[139,140]. Based on the current literature, a mitotic checkpoint silencing 
model is depicted in Fig. 18.1.

18.7  Outstanding questions
APC/CCdc20 activation [141], Cdk1/cyclin B inactivation [142–145], and CPC 
removal from chromosomes [146,147] are all crucial steps for mitotic check-
point silencing and onset of anaphase. There are still significant outstanding 
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questions on the mechanism of mitotic checkpoint silencing specifically related 
to dynein/dynactin-mediated shedding of kinetochore mitotic checkpoint pro-
teins. It is not known how kinetochore–MT attachment activates the dynein/
dynactin-mediated transport. In HeLa cells where each kinetochore attaches 
to an average of 17 MTs [148,149], the mechanism that coordinates and ini-
tiates dynein/dynactin transport is not clear. Phosphorylation of dynein inter-
mediate chain is required for its localization at kinetochores during mitosis and 
regulates dynein/dynactin-mediated transport [150,151]. Dephosphorylation of 
dynein intermediate chain by PP1γ stimulates dynactin binding and poleward 
transport; whether other posttranslational modifications of dynein/dynactin 
specify distinct regulatory roles in checkpoint silencing has yet to be exam-
ined in detail. Some kinetochore proteins are transported toward the spindle 
poles and others are not. The mechanism that determines cargo selectivity is 
not known. After final kinetochore attachment and alignment, the initial trig-
ger that activates checkpoint silencing is not known. Mitotic checkpoint pro-
teins accumulate at the spindle poles and are then released into the cytoplasm. 
The mechanism that governs checkpoint protein binding and release at spindle 
poles is not known.

Acknowledgments
CWL is supported by an NSERC Alexander Graham Bell Canada Graduate Scholarship. 
Research in the Chan laboratory is funded by NSERC, Alberta Innovates – Health Solutions, 
and Cancer Research Society.

References
 [1]  J.L. Simpson, et al., Klinefelter syndrome: expanding the phenotype and identifying new 

research directions, Genet. Med. 5 (6) (2003) 460–468.
 [2]  S.E. Antonarakis, et al., Chromosome 21 and down syndrome: from genomics to patho-

physiology, Nat. Rev. Genet. 5 (10) (2004) 725–738.
 [3]  D.J. Gordon, B. Resio, D. Pellman, Causes and consequences of aneuploidy in cancer, Nat. 

Rev. Genet. 13 (3) (2012) 189–203.
 [4]  C.L. Rieder, et al., The checkpoint delaying anaphase in response to chromosome 

monoorientation is mediated by an inhibitory signal produced by unattached kineto-
chores, J. Cell Biol. 130 (4) (1995) 941–948.

 [5]  I.M. Cheeseman, The kinetochore, Cold Spring Harb. Perspect. Biol. 6 (7) (2014) 
a015826.

 [6]  A.R. Tipton, et al., Identification of novel mitosis regulators through data mining with 
human centromere/kinetochore proteins as group queries, BMC Cell Biol. 13 (2012) 15.

 [7]  B.R. Brinkley, E. Stubblefield, The fine structure of the kinetochore of a mammalian cell 
in vitro, Chromosoma 19 (1) (1966) 28–43.

 [8]  B.F. McEwen, et al., A new look at kinetochore structure in vertebrate somatic cells using 
high-pressure freezing and freeze substitution, Chromosoma 107 (6–7) (1998) 366–375.

 [9]  Y. Dong, et al., The outer plate in vertebrate kinetochores is a flexible network with mul-
tiple microtubule interactions, Nat. Cell Biol. 9 (5) (2007) 516–522.

Author's personal copy



Dyneins

527

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [10]  W.C. Earnshaw, Discovering centromere proteins: from cold white hands to the A, B, C of 
CENPs, Nat. Rev. Mol. Cell Biol. 16 (7) (2015) 443–449.

 [11]  I.M. Cheeseman, A. Desai, Molecular architecture of the kinetochore-microtubule inter-
face, Nat. Rev. Mol. Cell Biol. 9 (1) (2008) 33–46.

 [12]  C.M. Pfarr, et al., Cytoplasmic dynein is localized to kinetochores during mitosis, Nature 
345 (6272) (1990) 263–265.

 [13]  E.R. Steuer, et al., Localization of cytoplasmic dynein to mitotic spindles and kinetochores, 
Nature 345 (6272) (1990) 266–268.

 [14]  S. Karki, B. LaMonte, E.L. Holzbaur, Characterization of the p22 subunit of dynactin 
reveals the localization of cytoplasmic dynein and dynactin to the midbody of dividing 
cells, J. Cell Biol. 142 (4) (1998) 1023–1034.

 [15]  C.J. Echeverri, et al., Molecular characterization of the 50-kD subunit of dynactin reveals 
function for the complex in chromosome alignment and spindle organization during 
mitosis, J. Cell Biol. 132 (4) (1996) 617–633.

 [16]  T.J. Yen, et al., CENP-E is a putative kinetochore motor that accumulates just before mito-
sis, Nature 359 (6395) (1992) 536–539.

 [17]  K.M. Godek, L. Kabeche, D.A. Compton, Regulation of kinetochore-microtubule attach-
ments through homeostatic control during mitosis, Nat. Rev. Mol. Cell Biol. 16 (1) (2015) 
57–64.

 [18]  A. Hanisch, H.H. Sillje, E.A. Nigg, Timely anaphase onset requires a novel spindle and 
kinetochore complex comprising Ska1 and Ska2, EMBO J. 25 (23) (2006) 5504–5515.

 [19]  T.N. Gaitanos, et al., Stable kinetochore-microtubule interactions depend on the Ska 
complex and its new component Ska3/C13Orf3, EMBO J. 28 (10) (2009) 1442–1452.

 [20]  J.R. Daum, et al., Ska3 is required for spindle checkpoint silencing and the maintenance 
of chromosome cohesion in mitosis, Curr. Biol. 19 (17) (2009) 1467–1472.

 [21]  J.A. Raaijmakers, et al., RAMA1 is a novel kinetochore protein involved in kinetochore-
microtubule attachment, J. Cell Sci. 122 (Pt 14) (2009) 2436–2445.

 [22]  M. Theis, et al., Comparative profiling identifies C13orf3 as a component of the Ska com-
plex required for mammalian cell division, EMBO J. 28 (10) (2009) 1453–1465.

 [23]  J.P. Welburn, et al., The human kinetochore Ska1 complex facilitates microtubule depoly-
merization-coupled motility, Dev. Cell 16 (3) (2009) 374–385.

 [24]  J.C. Schmidt, et al., The kinetochore-bound Ska1 complex tracks depolymerizing micro-
tubules and binds to curved protofilaments, Dev. Cell 23 (5) (2012) 968–980.

 [25]  J.K. Famulski, et al., Stable hZW10 kinetochore residency, mediated by hZwint-1 interac-
tion, is essential for the mitotic checkpoint, J. Cell Biol. 180 (3) (2008) 507–520.

 [26]  R. Karess, Rod-Zw10-Zwilch: a key player in the spindle checkpoint, Trends Cell Biol. 15 
(7) (2005) 386–392.

 [27]  G.K. Chan, et al., Human Zw10 and ROD are mitotic checkpoint proteins that bind to 
kinetochores, Nat. Cell Biol. 2 (12) (2000) 944–947.

 [28]  B.C. Williams, et al., Zwilch, a new component of the ZW10/ROD complex required for 
kinetochore functions, Mol. Biol. Cell 14 (4) (2003) 1379–1391.

 [29]  D.A. Starr, et al., Conservation of the centromere/kinetochore protein ZW10, J. Cell Biol. 
138 (6) (1997) 1289–1301.

 [30]  F. Scaerou, et al., The ZW10 and rough deal checkpoint proteins function together in a 
large, evolutionarily conserved complex targeted to the kinetochore, J. Cell Sci. 114 (Pt 
17) (2001) 3103–3114.

 [31]  R. Li, A.W. Murray, Feedback control of mitosis in budding yeast, Cell 66 (3) (1991) 
519–531.

 [32]  Y. Li, R. Benezra, Identification of a human mitotic checkpoint gene: hsMAD2, Science 
274 (5285) (1996) 246–248.

 [33]  R.H. Chen, et al., Spindle checkpoint protein Xmad1 recruits Xmad2 to unattached kinet-
ochores, J. Cell Biol. 143 (2) (1998) 283–295.

Author's personal copy



Dyneins

528

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [34]  K.G. Hardwick, A.W. Murray, Mad1p, a phosphoprotein component of the spindle assem-
bly checkpoint in budding yeast, J. Cell Biol. 131 (3) (1995) 709–720.

 [35]  G. Fang, Checkpoint protein BubR1 acts synergistically with Mad2 to inhibit anaphase-
promoting complex, Mol. Biol. Cell 13 (3) (2002) 755–766.

 [36]  V. Sudakin, G.K. Chan, T.J. Yen, Checkpoint inhibition of the APC/C in HeLa cells is medi-
ated by a complex of BUBR1, BUB3, CDC20, and MAD2, J. Cell Biol. 154 (5) (2001) 
925–936.

 [37]  Z. Tang, et al., Mad2-Independent inhibition of APCCdc20 by the mitotic checkpoint 
protein BubR1, Dev. Cell 1 (2) (2001) 227–237.

 [38]  A. Musacchio, A. Desai, A molecular view of kinetochore assembly and function, Biology 
(Basel) 6 (1) (2017).

 [39]  J.R. Kardon, R.D. Vale, Regulators of the cytoplasmic dynein motor, Nat. Rev. Mol. Cell 
Biol. 10 (12) (2009) 854–865.

 [40]  K. Tanaka, Regulatory mechanisms of kinetochore-microtubule interaction in mitosis, Cell 
Mol. Life Sci. 70 (4) (2013) 559–579.

 [41]  N. London, S. Biggins, Signalling dynamics in the spindle checkpoint response, Nat. Rev. 
Mol. Cell Biol. 15 (11) (2014) 736–747.

 [42]  G.J. Kops, B.A. Weaver, D.W. Cleveland, On the road to cancer: aneuploidy and the 
mitotic checkpoint, Nat. Rev. Cancer 5 (10) (2005) 773–785.

 [43]  H. Funabiki, D.J. Wynne, Making an effective switch at the kinetochore by phosphoryla-
tion and dephosphorylation, Chromosoma 122 (3) (2013) 135–158.

 [44]  H. Huang, et al., Tripin/hSgo2 recruits MCAK to the inner centromere to correct defective 
kinetochore attachments, J. Cell Biol. 177 (3) (2007) 413–424.

 [45]  L. Wordeman, M. Wagenbach, G. von Dassow, MCAK facilitates chromosome move-
ment by promoting kinetochore microtubule turnover, J. Cell Biol. 179 (5) (2007) 
869–879.

 [46]  C. Wurzenberger, et al., Sds22 and Repo-Man stabilize chromosome segregation by 
counteracting Aurora B on anaphase kinetochores, J. Cell Biol. 198 (2) (2012) 173–183.

 [47]  Y.W. Chan, et al., Aurora B controls kinetochore-microtubule attachments by inhibiting 
Ska complex-KMN network interaction, J. Cell Biol. 196 (5) (2012) 563–571.

 [48]  S. Elowe, et al., Tension-sensitive Plk1 phosphorylation on BubR1 regulates the stability of 
kinetochore microtubule interactions, Genes Dev. 21 (17) (2007) 2205–2219.

 [49]  L. Kabeche, D.A. Compton, Cyclin A regulates kinetochore microtubules to promote 
faithful chromosome segregation, Nature 502 (7469) (2013) 110–113.

 [50]  P. Trivedi, P.T. Stukenberg, A centromere-signaling network underlies the coordination 
among mitotic events, Trends Biochem. Sci. 41 (2) (2016) 160–174.

 [51]  S.J. Suijkerbuijk, et al., Integration of kinase and phosphatase activities by BUBR1 ensures 
formation of stable kinetochore-microtubule attachments, Dev. Cell 23 (4) (2012) 
745–755.

 [52]  M. Malumbres, M. Barbacid, Cell cycle, CDKs and cancer: a changing paradigm, Nat. 
Rev. Cancer 9 (3) (2009) 153–166.

 [53]  A. Hagting, et al., Human securin proteolysis is controlled by the spindle checkpoint and 
reveals when the APC/C switches from activation by Cdc20 to Cdh1, J. Cell Biol. 157 (7) 
(2002) 1125–1137.

 [54]  R.W. King, et al., A 20S complex containing CDC27 and CDC16 catalyzes the mitosis-
specific conjugation of ubiquitin to cyclin B, Cell 81 (2) (1995) 279–288.

 [55]  V. Sudakin, et al., The cyclosome, a large complex containing cyclin-selective ubiquitin 
ligase activity, targets cyclins for destruction at the end of mitosis, Mol. Biol. Cell 6 (2) 
(1995) 185–197.

 [56]  M.A. Hoyt, L. Totis, B.T. Roberts, S. cerevisiae genes required for cell cycle arrest in response 
to loss of microtubule function, Cell 66 (3) (1991) 507–517.

 [57]  E. Weiss, M. Winey, The Saccharomyces cerevisiae spindle pole body duplication gene 
MPS1 is part of a mitotic checkpoint, J. Cell Biol. 132 (1–2) (1996) 111–123.

Author's personal copy



Dyneins

529

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [58]  G.K. Chan, T.J. Yen, The mitotic checkpoint: a signaling pathway that allows a single 
unattached kinetochore to inhibit mitotic exit, Prog. Cell Cycle Res. 5 (2003) 431–439.

 [59]  D.W. Cleveland, Y. Mao, K.F. Sullivan, Centromeres and kinetochores: from epigenetics 
to mitotic checkpoint signaling, Cell 112 (4) (2003) 407–421.

 [60]  G. Manic, et al., Molecular regulation of the spindle assembly checkpoint by kinases and 
phosphatases, Int. Rev. Cell Mol. Biol. 328 (2017) 105–161.

 [61]  E. Buffin, et al., Recruitment of Mad2 to the kinetochore requires the Rod/Zw10 complex, 
Curr. Biol. 15 (9) (2005) 856–861.

 [62]  G.J. Kops, et al., ZW10 links mitotic checkpoint signaling to the structural kinetochore, J. 
Cell Biol. 169 (1) (2005) 49–60.

 [63]  X. Luo, H. Yu, Protein metamorphosis: the two-state behavior of Mad2, Structure 16 (11) 
(2008) 1616–1625.

 [64]  J.J. Skinner, et al., The Mad2 partial unfolding model: regulating mitosis through Mad2 
conformational switching, J. Cell Biol. 183 (5) (2008) 761–768.

 [65]  X. Luo, et al., The Mad2 spindle checkpoint protein has two distinct natively folded states, 
Nat. Struct. Mol. Biol. 11 (4) (2004) 338–345.

 [66]  L. Sironi, et al., Crystal structure of the tetrameric Mad1-Mad2 core complex: implications 
of a ‘safety belt’ binding mechanism for the spindle checkpoint, EMBO J. 21 (10) (2002) 
2496–2506.

 [67]  D.N. Millband, K.G. Hardwick, Fission yeast Mad3p is required for Mad2p to inhibit the 
anaphase-promoting complex and localizes to kinetochores in a Bub1p-, Bub3p-, and 
Mph1p-dependent manner, Mol. Cell Biol. 22 (8) (2002) 2728–2742.

 [68]  A.R. Tipton, et al., BUBR1 and closed MAD2 (C-MAD2) interact directly to assemble a 
functional mitotic checkpoint complex, J. Biol. Chem. 286 (24) (2011) 21173–21179.

 [69]  J.K. Famulski, et al., Dynein/dynactin-mediated transport of kinetochore components off 
kinetochores and onto spindle poles induced by nordihydroguaiaretic acid, PLoS One 6 
(1) (2011) e16494.

 [70]  G.K. Chan, S.T. Liu, T.J. Yen, Kinetochore structure and function, Trends Cell Biol. 15 (11) 
(2005) 589–598.

 [71]  T. Habu, et al., Identification of a MAD2-binding protein, CMT2, and its role in mitosis, 
EMBO J. 21 (23) (2002) 6419–6428.

 [72]  M. Yang, et al., p31comet blocks Mad2 activation through structural mimicry, Cell 131 
(4) (2007) 744–755.

 [73]  M. Mapelli, et al., Determinants of conformational dimerization of Mad2 and its inhibition 
by p31comet, EMBO J. 25 (6) (2006) 1273–1284.

 [74]  G. Xia, et al., Conformation-specific binding of p31(comet) antagonizes the function of 
Mad2 in the spindle checkpoint, EMBO J. 23 (15) (2004) 3133–3143.

 [75]  A. Teichner, et al., p31comet Promotes disassembly of the mitotic checkpoint complex in 
an ATP-dependent process, Proc. Natl. Acad. Sci. U.S.A. 108 (8) (2011) 3187–3192.

 [76]  E. Eytan, et al., Disassembly of mitotic checkpoint complexes by the joint action of 
the AAA-ATPase TRIP13 and p31(comet), Proc. Natl. Acad. Sci. U.S.A. 111 (33) (2014) 
12019–12024.

 [77]  K. Wang, et al., Thyroid hormone receptor interacting protein 13 (TRIP13) AAA-ATPase is a 
novel mitotic checkpoint-silencing protein, J. Biol. Chem. 289 (34) (2014) 23928–23937.

 [78]  Q. Ye, et al., TRIP13 is a protein-remodeling AAA+ ATPase that catalyzes MAD2 conforma-
tion switching, eLife 4 (2015).

 [79]  S. Miniowitz-Shemtov, et al., Mode of interaction of TRIP13 AAA-ATPase with the Mad2-
binding protein p31comet and with mitotic checkpoint complexes, Proc. Natl. Acad. Sci. 
U.S.A. 112 (37) (2015) 11536–11540.

 [80]  S. Kaisari, et al., Role of CCT chaperonin in the disassembly of mitotic checkpoint com-
plexes, Proc. Natl. Acad. Sci. U.S.A. 114 (5) (2017) 956–961.

 [81]  Y.F. Gao, et al., Cdk1-phosphorylated CUEDC2 promotes spindle checkpoint inactivation 
and chromosomal instability, Nat. Cell Biol. 13 (8) (2011) 924–933.

Author's personal copy



Dyneins

530

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [82]  J. Nilsson, et al., The APC/C maintains the spindle assembly checkpoint by targeting 
Cdc20 for destruction, Nat. Cell Biol. 10 (12) (2008) 1411–1420.

 [83]  K. Uzunova, et al., APC15 mediates CDC20 autoubiquitylation by APC/C(MCC) and 
disassembly of the mitotic checkpoint complex, Nat. Struct. Mol. Biol. 19 (11) (2012) 
1116–1123.

 [84]  J. Mansfeld, et al., APC15 drives the turnover of MCC-CDC20 to make the spindle assem-
bly checkpoint responsive to kinetochore attachment, Nat. Cell Biol. 13 (10) (2011) 
1234–1243.

 [85]  S.A. Foster, D.O. Morgan, The APC/C subunit Mnd2/Apc15 promotes Cdc20 autou-
biquitination and spindle assembly checkpoint inactivation, Mol. Cell 47 (6) (2012) 
921–932.

 [86]  S.K. Reddy, et al., Ubiquitination by the anaphase-promoting complex drives spindle 
checkpoint inactivation, Nature 446 (7138) (2007) 921–925.

 [87]  F. Stegmeier, et al., Anaphase initiation is regulated by antagonistic ubiquitination and 
deubiquitination activities, Nature 446 (7138) (2007) 876–881.

 [88]  C. Alfieri, et al., Molecular basis of APC/C regulation by the spindle assembly checkpoint, 
Nature 536 (7617) (2016) 431–436.

 [89]  G. Varetti, et al., Homeostatic control of mitotic arrest, Mol. Cell 44 (5) (2011) 710–720.
 [90]  W. Nijenhuis, et al., A TPR domain-containing N-terminal module of MPS1 is required for 

its kinetochore localization by Aurora B, J. Cell Biol. 201 (2) (2013) 217–231.
 [91]  Z. Ji, H. Gao, H. Yu, Cell division cycle. Kinetochore attachment sensed by competitive 

Mps1 and microtubule binding to Ndc80C, Science 348 (6240) (2015) 1260–1264.
 [92]  Y. Hiruma, et al., Cell division cycle. Competition between MPS1 and microtubules 

at kinetochores regulates spindle checkpoint signaling, Science 348 (6240) (2015) 
1264–1267.

 [93]  P. Aravamudhan, A.A. Goldfarb, A.P. Joglekar, The kinetochore encodes a mechanical 
switch to disrupt spindle assembly checkpoint signalling, Nat. Cell Biol. 17 (7) (2015) 
868–879.

 [94]  J.J. Miranda, et al., The yeast DASH complex forms closed rings on microtubules, Nat. 
Struct. Mol. Biol. 12 (2) (2005) 138–143.

 [95]  M.A. Abad, et al., Structural basis for microtubule recognition by the human kinetochore 
Ska complex, Nat. Commun. 5 (2014) 2964.

 [96]  A.A. Jeyaprakash, et al., Structural and functional organization of the Ska complex, 
a key component of the kinetochore-microtubule interface, Mol. Cell 46 (3) (2012) 
274–286.

 [97]  D. Liu, et al., Regulated targeting of protein phosphatase 1 to the outer kinetochore by 
KNL1 opposes Aurora B kinase, J. Cell Biol. 188 (6) (2010) 809–820.

 [98]  Y. Kim, et al., Aurora kinases and protein phosphatase 1 mediate chromosome congres-
sion through regulation of CENP-E, Cell 142 (3) (2010) 444–455.

 [99]  M. Posch, et al., Sds22 regulates aurora B activity and microtubule-kinetochore interac-
tions at mitosis, J. Cell Biol. 191 (1) (2010) 61–74.

 [100]  S. Sivakumar, et al., The human SKA complex drives the metaphase-anaphase cell cycle 
transition by recruiting protein phosphatase 1 to kinetochores, eLife 5 (2016).

 [101]  J.S. Rosenberg, F.R. Cross, H. Funabiki, KNL1/Spc105 recruits PP1 to silence the spindle 
assembly checkpoint, Curr. Biol. 21 (11) (2011) 942–947.

 [102]  J.C. Meadows, et al., Spindle checkpoint silencing requires association of PP1 to both 
Spc7 and kinesin-8 motors, Dev. Cell 20 (6) (2011) 739–750.

 [103]  D.A. Starr, et al., ZW10 helps recruit dynactin and dynein to the kinetochore, J. Cell Biol. 
142 (3) (1998) 763–774.

 [104]  D.K. Moudgil, et al., A novel role of farnesylation in targeting a mitotic checkpoint pro-
tein, human spindly, to kinetochores, J. Cell Biol. 208 (7) (2015) 881–896.

Author's personal copy



Dyneins

531

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [105]  E.R. Griffis, N. Stuurman, R.D. Vale, Spindly, a novel protein essential for silencing the 
spindle assembly checkpoint, recruits dynein to the kinetochore, J. Cell Biol. 177 (6) 
(2007) 1005–1015.

 [106]  R.J. McKenney, et al., Activation of cytoplasmic dynein motility by dynactin-cargo adapter 
complexes, Science 345 (6194) (2014) 337–341.

 [107]  M. Barisic, et al., Spindly/CCDC99 is required for efficient chromosome congression and 
mitotic checkpoint regulation, Mol. Biol. Cell 21 (12) (2010) 1968–1981.

 [108]  Y.W. Chan, et al., Mitotic control of kinetochore-associated dynein and spindle orienta-
tion by human spindly, J. Cell Biol. 185 (5) (2009) 859–874.

 [109]  V. Allan, Cell biology. One, two, three, cytoplasmic dynein is go!, Science 345 (6194) 
(2014) 271–272.

 [110]  A.J. Holland, et al., Preventing farnesylation of the dynein adaptor spindly contributes to 
the mitotic defects caused by farnesyltransferase inhibitors, Mol. Biol. Cell 26 (10) (2015) 
1845–1856.

 [111]  J.A. Raaijmakers, M.E. Tanenbaum, R.H. Medema, Systematic dissection of dynein regula-
tors in mitosis, J. Cell Biol. 201 (2) (2013) 201–215.

 [112]  R. Gassmann, et al., Removal of spindly from microtubule-attached kinetochores controls 
spindle checkpoint silencing in human cells, Genes Dev. 24 (9) (2010) 957–971.

 [113]  B.J. Howell, et al., Visualization of Mad2 dynamics at kinetochores, along spindle fibers, 
and at spindle poles in living cells, J. Cell Biol. 150 (6) (2000) 1233–1250.

 [114]  B.J. Howell, et al., Cytoplasmic dynein/dynactin drives kinetochore protein transport to 
the spindle poles and has a role in mitotic spindle checkpoint inactivation, J. Cell Biol. 155 
(7) (2001) 1159–1172.

 [115]  S. Mische, et al., Dynein light intermediate chain: an essential subunit that contributes to 
spindle checkpoint inactivation, Mol. Biol. Cell 19 (11) (2008) 4918–4929.

 [116]  C. Mayer, et al., An extended anaphase signaling pathway for Mad2p includes microtu-
bule organizing center proteins and multiple motor-dependent transitions, Cell Cycle 5 
(13) (2006) 1456–1463.

 [117]  M.V. Sivaram, et al., Dynein light intermediate chain 1 is required for progress through 
the spindle assembly checkpoint, EMBO J. 28 (7) (2009) 902–914.

 [118]  S.P. Mahale, A. Sharma, S.V. Mylavarapu, Dynein light intermediate chain 2 facilitates the 
metaphase to anaphase transition by inactivating the spindle assembly checkpoint, PLoS 
One 11 (7) (2016) e0159646.

 [119]  L.A. Jones, et al., Dynein light intermediate chains maintain spindle bipolarity by function-
ing in centriole cohesion, J. Cell Biol. 207 (4) (2014) 499–516.

 [120]  C.M. Schroeder, et al., A Ras-like domain in the light intermediate chain bridges the 
dynein motor to a cargo-binding region, eLife 3 (2014) e03351.

 [121]  C.M. Schroeder, R.D. Vale, Assembly and activation of dynein-dynactin by the cargo 
adaptor protein Hook3, J. Cell Biol. 214 (3) (2016) 309–318.

 [122]  C.P. Horgan, et al., Rab11-FIP3 binds dynein light intermediate chain 2 and its overex-
pression fragments the Golgi complex, Biochem. Biophys. Res. Commun. 394 (2) (2010) 
387–392.

 [123]  C.P. Horgan, et al., Rab11-FIP3 links the Rab11 GTPase and cytoplasmic dynein to medi-
ate transport to the endosomal-recycling compartment, J. Cell Sci. 123 (Pt 2) (2010) 
181–191.

 [124]  J. Scherer, J. Yi, R.B. Vallee, PKA-dependent dynein switching from lysosomes to adenovi-
rus: a novel form of host-virus competition, J. Cell Biol. 205 (2) (2014) 163–177.

 [125]  K. Arasaki, et al., Nordihydroguaiaretic acid affects multiple dynein-dynactin functions in 
interphase and mitotic cells, Mol. Pharmacol. 71 (2) (2007) 454–460.

 [126]  B.J. Howell, et al., Spindle checkpoint protein dynamics at kinetochores in living cells, 
Curr. Biol. 14 (11) (2004) 953–964.

Author's personal copy



Dyneins

532

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [127]  J.V. Shah, et al., Dynamics of centromere and kinetochore proteins; implications for 
checkpoint signaling and silencing, Curr. Biol. 14 (11) (2004) 942–952.

 [128]  R. Basto, et al., In vivo dynamics of the rough deal checkpoint protein during Drosophila 
mitosis, Curr. Biol. 14 (1) (2004) 56–61.

 [129]  L.J. Vos, J.K. Famulski, G.K. Chan, hZwint-1 bridges the inner and outer kinetochore: 
identification of the kinetochore localization domain and the hZw10-interaction domain, 
Biochem. J. 436 (1) (2011) 157–168.

 [130]  P.M. Silva, et al., Dynein-dependent transport of spindle assembly checkpoint proteins off 
kinetochores toward spindle poles, FEBS Lett. 588 (17) (2014) 3265–3273.

 [131]  K.E. Gascoigne, I.M. Cheeseman, CDK-dependent phosphorylation and nuclear 
exclusion coordinately control kinetochore assembly state, J. Cell Biol. 201 (1) (2013) 
23–32.

 [132]  Q. Chen, et al., Cyclin B1 is localized to unattached kinetochores and contributes to 
efficient microtubule attachment and proper chromosome alignment during mitosis, Cell 
Res. 18 (2) (2008) 268–280.

 [133]  P. Clute, J. Pines, Temporal and spatial control of cyclin B1 destruction in metaphase, Nat. 
Cell Biol. 1 (2) (1999) 82–87.

 [134]  J. Huang, J.W. Raff, The disappearance of cyclin B at the end of mitosis is regulated spa-
tially in Drosophila cells, EMBO J. 18 (8) (1999) 2184–2195.

 [135]  W. van Zon, et al., The APC/C recruits cyclin B1-Cdk1-Cks in prometaphase before D box 
recognition to control mitotic exit, J. Cell Biol. 190 (4) (2010) 587–602.

 [136]  J.Z. Torres, K.H. Ban, P.K. Jackson, A specific form of phospho protein phosphatase 2 
regulates anaphase-promoting complex/cyclosome association with spindle poles, Mol. 
Biol. Cell 21 (6) (2010) 897–904.

 [137]  C. Acquaviva, et al., The anaphase promoting complex/cyclosome is recruited to centro-
meres by the spindle assembly checkpoint, Nat. Cell Biol. 6 (9) (2004) 892–898.

 [138]  S. Vigneron, et al., Kinetochore localization of spindle checkpoint proteins: who controls 
whom? Mol. Biol. Cell 15 (10) (2004) 4584–4596.

 [139]  J. Chen, J. Liu, Spatial-temporal model for silencing of the mitotic spindle assembly check-
point, Nat. Commun. 5 (2014) 4795.

 [140]  J. Chen, J. Liu, Erroneous silencing of the mitotic checkpoint by aberrant spindle pole-
kinetochore coordination, Biophys. J. 109 (11) (2015) 2418–2435.

 [141]  J.C. Meadows, J.B. Millar, Sharpening the anaphase switch, Biochem. Soc. Trans. 43 (1) 
(2015) 19–22.

 [142]  L. Clijsters, et al., Inefficient degradation of cyclin B1 re-activates the spindle checkpoint 
right after sister chromatid disjunction, Cell Cycle 13 (15) (2014) 2370–2378.

 [143]  J. Kamenz, S. Hauf, Slow checkpoint activation kinetics as a safety device in anaphase, 
Curr. Biol. 24 (6) (2014) 646–651.

 [144]  A. Rattani, et al., Dependency of the spindle assembly checkpoint on Cdk1 renders the 
anaphase transition irreversible, Curr. Biol. 24 (6) (2014) 630–637.

 [145]  M.D. Vazquez-Novelle, et al., Cdk1 inactivation terminates mitotic checkpoint surveil-
lance and stabilizes kinetochore attachments in anaphase, Curr. Biol. 24 (6) (2014) 
638–645.

 [146]  S. Hummer, T.U. Mayer, Cdk1 negatively regulates midzone localization of the mitotic 
kinesin Mklp2 and the chromosomal passenger complex, Curr. Biol. 19 (7) (2009) 
607–612.

 [147]  M.D. Vazquez-Novelle, M. Petronczki, Relocation of the chromosomal passenger com-
plex prevents mitotic checkpoint engagement at anaphase, Curr. Biol. 20 (15) (2010) 
1402–1407.

 [148]  B.F. McEwen, et al., CENP-E is essential for reliable bioriented spindle attachment, but 
chromosome alignment can be achieved via redundant mechanisms in mammalian cells, 
Mol. Biol. Cell 12 (9) (2001) 2776–2789.

Author's personal copy



Dyneins

533

Dyneins: Structure, Biology And Disease, Second Edition, 2018, 516-533

 [149]  K.L. Wendell, L. Wilson, M.A. Jordan, Mitotic block in HeLa cells by vinblastine: ultrastruc-
tural changes in kinetochore-microtubule attachment and in centrosomes, J. Cell Sci. 104 
(Pt 2) (1993) 261–274.

 [150]  J. Whyte, et al., Phosphorylation regulates targeting of cytoplasmic dynein to kineto-
chores during mitosis, J. Cell Biol. 183 (5) (2008) 819–834.

 [151]  J.R. Bader, et al., Polo-like kinase1 is required for recruitment of dynein to kinetochores 
during mitosis, J. Biol. Chem. 286 (23) (2011) 20769–20777.

Author's personal copy


