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Mitotic cell divisions ensure stable transmission of genetic information from a mother to daughter cells in a series
of generations. To ensure this crucial task is accomplished, the cell forms a bipolar structure called the mitotic
spindle that divides sister chromatids to the opposite sides of the dividing mother cell. After successful estab-
lishment of stable attachments of microtubules to chromosomes and inspection of connections between them, at
the heart of mitosis, the cell starts the process of segregation. This spectacular moment in the life of a cell is
termed anaphase, and it involves two distinct processes: depolymerization of microtubules bound to chromo-
somes, which is also known as anaphase A, and elongation of the spindle or anaphase B. Both processes ensure
physical separation of disjointed sister chromatids. In this chapter, we review the mechanisms of anaphase B
spindle elongation primarily in mammalian systems, combining different pioneering ideas and concepts with
more recent findings that shed new light on the force generation and regulation of biochemical modules oper-
ating during spindle elongation. Finally, we present a comprehensive model of spindle elongation that includes
structural, biophysical, and molecular aspects of anaphase B.

1. Introduction to the world of anaphase B

At the very essence of cell division lies the mitotic spindle, a fasci-
nating self-organizing structure that is composed primarily of tubulin
and various associated proteins [1,2]. Successful separation of sister
chromatids requires their attachment to the spindle microtubules (MTs)
on opposite sides of the bipolar spindle structure, through kinetochores,
protein complexes on centromere of each chromatid [3]. Each kineto-
chore that is not attached to MTs emits an inhibitory signal through a
series of complex events controlled by the spindle assembly checkpoint
(SACQ) [4]. Once all kinetochores are attached and the first levels of the
inhibitory signal are removed, a cascade of events leads to a point of no
return where the cell starts the process of chromosome segregation. This
process is called anaphase (Greek ana, meaning going back) [5] and its
mechanisms will form the basis of this review.

The process of chromosome segregation was depicted more than 150
years ago, starting an active anaphase fascination that spurred tremen-
dous research in the following decades, but the mechanisms of this
crucial process of chromosome movement are debatable even today [6,
7]. Anaphase involves two mechanistically distinct steps, shortening of
kinetochore MTs that leads to the movement of each chromatid towards
its respective pole, and spindle elongation that further separates the
disjointed sister chromatids [8]. These distinct steps, which are in some
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organisms temporally divided while in others occur simultaneously,
were classified as anaphase A and anaphase B, respectively [5,9]. This
review will focus on the mechanisms of anaphase B in human cells, with
the contribution of data from other model organisms when introducing
key concepts developed in a variety of model systems.

Anaphase B spindle elongation is broadly deployed through a highly
diverse tree of life [7,10]. In bacterial cells the mechanisms that separate
the low-copy-number plasmids make simple DNA segregating machines
that use elongation of ParM protein filaments between sister plasmids,
resembling the elongation and bipolarity of the eukaryotic mitotic
spindle [11]. In addition, the separation of sister chromatids in many
other model systems is also highly dependent on anaphase B spindle
elongation, like in yeasts and nematodes, whereas in other organisms
the contribution varies [10]. In mammalian mitosis and meiosis,
anaphase A and B equally contribute to net chromosome segregation
movement [12,13].

Anaphase spindle elongation is an important process because its
failure can lead to chromosome mis-segregation [14,15]. Accordingly, it
has been shown that spindle elongation greatly contributes to the res-
olution of lagging chromosomes during anaphase in human cells and its
absence can contribute to the generation of tetraploid cells [14,16].
Finally, as spindle elongation precedes cytokinesis and telophase, and
controls various crucial aspects of both processes [17,18], its timely and
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correct execution is essential for cell survival.

2. Main constituents of mammalian anaphase B spindle -
structural studies

Anaphase mitotic spindle is a highly complex structure made up of
different MT subpopulations, all contributing to various extents to the
active poleward movement of chromosomes, cell and spindle elonga-
tion: kinetochore MTs are attached to the kinetochore and form parallel
bundles known as k-fibers, interpolar MTs extend from the opposite
sides to the center of the spindle forming antiparallel overlapping bun-
dles, termed collectively as the spindle midzone [19], and astral MTs
grow from the spindle poles towards the cell cortex, and are not char-
acterized by MT bundling [20-25] (Fig. 1).

The possibility that k-fibers could be coupled to interpolar MTs
around spindle poles has been envisioned in pioneering models of
mitosis [26,27], but the exact nature of this connection was tested only
recently. In mammalian mitotic spindles, antiparallel midzone MTs
termed bridging MTs were found to be highly crosslinked with sister
k-fibers near kinetochores by usage of laser ablation and photoactivation
approaches [12]. Additionally, a recent electron microscopy (EM) study
reported midzone MT bundles that do not reach poles but are tightly
connected to kinetochore MTs near chromosomes in HeLa cells [28].
Midzone MTs are classified by the location of their plus-ends, which can
be either between the chromosomes, at the chromosome or between the
chromosome and the pole [28] (Fig. 1, box 1).

Much more information about bridging MTs comes from studies of
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human metaphase spindles where each pair of sister k-fibers is linked
with a bridging fiber [29,30]. EM studies established that minus-ends of
bridging MTs are localized along kinetochore MTs [23,31,32], in
agreement with augmin-mediated nucleation of bridging MTs [33].
Imaging of live cells suggests that bridging midzone MTs during early
anaphase are the same ones that were present in metaphase [12].
However, additional fusion of preexisting MTs [34] and nucleation of
new MTs by augmin complex [35] take place in the midzone region later
in anaphase. Thus, the spindle midzone during anaphase is probably
composed of antiparallel MTs originating from metaphase, which may
serve as substrates for de novo MT nucleation in this region during late
anaphase.

Less information is available for k-fiber MTs during anaphase, but
more was acquired during metaphase where the data on the average
number of MTs varies from 8 to 17 per each fiber in human [36,37] to
around 20 in Ptk1 cells [38]. The percentage of kinetochore MTs that
directly contact the structure of the centrosome reaches around 50% for
HeLa and U20S and around 72% for RPE1 cells [37] (Fig. 1, box 3),
similar to number reported for Ptkl cells [39,40]. To conclude, the
mitotic spindle during anaphase is composed of different subpopulations
of MTs where kinetochore and interpolar MTs physically intermingle
with each other.

3. Dynamics of spindle elongation - passing through phases

Spindle elongation in human mitotic cells in culture starts before
nuclear envelope breakdown (NEBD) or during prometaphase,

Spindle midzone

Fig. 1. Structure of the anaphase mitotic spin-
dle in human cells. Schematic representation of
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Fig. 2. Dynamics of spindle elongation, chromosome segregation, and overlap
length in human mitosis. Typical time course in human cells for centrosome
distance, chromatid distance and length of the overlap is plotted in the graph
representing key cell and spindle morphological changes and velocity regimes
that define transition phases. Note: Chromatid-to-chromatid movement during
late anaphase/telophase is related to chromosome contraction that occurs after
kinetochore release from microtubules during late anaphase. P, prophase; PM,
prometaphase; Meta, metaphase; Ana, anaphase; T, telophase.

depending on the exact pathway, reaching a metaphase steady state
length 5-8 min after NEBD [41] (Fig. 2). After metaphase, the spindle
starts to elongate again during anaphase B, which has been studied in a
variety of model systems where the characteristic elongation distances
and rates were measured [7,10]. In human mitotic cells, anaphase B
usually starts with a short 30-50 s delay compared to the start of the
anaphase A [6,42], and the spindle elongates by a total of 8 um during
anaphase, and for 3 more microns after kinetochore-MT release in
telophase [6] (Fig. 2).

Post-metaphase spindle elongation in human cells can be described
by distinct characteristic velocity regimes: early anaphase is character-
ized by the fast spindle elongation while middle and late anaphase are
characterized by the gradual stall in spindle elongation, formation of the
central spindle and actomyosin ring [42-44] (Fig. 2). During these last
phases of anaphase, cytokinesis starts to cleave the mother cell into two
daughter cells [18]. Anaphase is followed by telophase, characterized by
the onset of nuclear envelope reformation and chromosome deconden-
sation [17] (Fig. 2). Furthermore, the anaphase spindle elongation is
accompanied by the plasma membrane elongation during mid-anaphase
(Fig. 2) that increases the cell boundaries, making new space for the
separating chromosomes [43].

4. Origin of forces required for spindle elongation - battle of
concepts

The origin of the forces required for anaphase B spindle elongation is
still debated between two views depending on where the force is
generated, mainly pulling from the outside of the spindle or pushing
from the inside of the spindle [5,45] (Fig. 3). Approaches that tried to
solve the anaphase B puzzle by introducing a universal mechanism were
subsequently replaced by more organism-specific approaches as it
became evident that different organisms perform anaphase B differently
[1], and the contribution of different mechanisms to net chromosome
separation also varies [10]. However, despite that, even within one or-
ganism, there is still no consensus on the dominant mechanism of
anaphase B spindle elongation and this rivalry of concepts still endures
[7]. Generally, it was envisioned that pulling, wherever it may happen,
would be the preferred mechanism of moving objects for distances
greater than 10 pm, since pushing MTs would experience high buckling
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Fig. 3. Two main views of force-generation during anaphase spindle elonga-
tion. Schematic representation of mid-anaphase spindle depicting the locations
of two main views of force-generation during anaphase B. Pushing from the
inside of the spindle (top scheme) is depicted by black arrows in spindle inte-
rior, in between separating kinetochores (blue dots) and pulling from the
outside (bottom scheme) is depicted by black arrows on the sites distant from
the kinetochores, on the other side of the centrosome structure (gray dots). (+)
sign represents the plus-ends. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

due to resistance from the firm nonmoving objects [45], drastically
reducing the effectiveness of such approach.

4.1. Pulling by astral MTs

Forces for spindle elongation may be generated by astral MTs pulling
on the spindle poles from the cortex. The underlying mechanism of this
pulling force can be explained by minus-end directed molecular motor
walking and actively pulling astral MTs [46] (Fig. 4A) or a polymer
ratchet mechanism where plus-ends of astral MTs anchor to a cortical
adapter and depolymerize resulting in the pull of the poles [45,47-49]
(Fig. 4B). Cortical pulling forces require direct contact between astral
MTs and the cell cortex, either via dynein, +TIP network proteins like
CLASPs (CLIP-associated proteins) or kinesin-13 motors [48,50],
although with possible exceptions such as anchoring to the cytoplasmic
actin filament network as shown in Drosophila cell-free embryo extract
[51]. There is also a possibility that astral MTs depolymerize at the pole.
However, this is not supported by the speckle microscopy experiments in
newt lung cells, which showed no evidence for the poleward transport of
astral MTs [52].

In this cortical pulling view, the spindle poles are pulled via astral
MTs that are anchored both at the cortex and the spindle pole, and the
force is transmitted to the poles and associated k-fibers towards the
disjointed sister chromatid [53]. This view also implies that the same is
happening on the other half of the bipolar spindle, and the collective
action of these two force-generating sites results in the pull of the spindle
poles towards the cortical region, thereby resulting in the elongation of
the spindle, that is sometimes asymmetric regarding the net effect of the
pull to each pole [54]. The phenomenon of asymmetric spindle elon-
gation powered by cortical forces has been shown in unperturbed
C. elegans mitosis [55] and in Ptk2 cells under confinement where forced
spindle elongation depends on the presence of astral MTs and dynein
activity [56].

Generally, spindle orientation and positioning are widely regarded
as processes that are completely dependent on cortical force generators,
in a series of different organisms from yeast to humans [57]. The evi-
dence for external pulling forces that act on the spindle poles to elongate
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the spindle during anaphase has mainly been gathered directly by the
usage of laser ablation approaches in the C. elegans embryos [55],
mammalian Ptk1 cells [58], echinoderms and insect spermatocytes [59],
where cutting of astral MTs drastically reduces the rate of spindle
elongation during anaphase.

4.2. Pushing by midzone MTs

The other key model of spindle elongation revolves around midzone
antiparallel MTs that could push into various structures and by various
mechanistic methods [1]. First, antiparallel MTs could push with their
growing plus ends by means of active MT polymerization. In this view,
force-generating site would be at MT plus-ends [60] (Fig. 4D). Second,
antiparallel adjacent MTs could slide apart from each other by the action
of mitotic motors [61], in a manner analogous to class-II myosin fila-
ments, that drive the sliding filament mechanism of muscle contraction
[62]. This model postulates that if a MT crosslinker has plus-end
directed activity, it would slide apart the adjacent antiparallel MTs,
resulting in a decrease of the length of the antiparallel overlap and the
increase in the length between their minus-ends [61]. These separating
minus-ends could push into different structures within the cell. The
presented mechanism was termed the mitotic sliding filament mecha-
nism [61] and in this model the force-generating site would be within
the MT antiparallel overlap (Fig. 4E).

The site at which minus- or plus-ends could push depends on the
nature of MT organization within the spindle [6]. Consequently, if the
antiparallel MTs are reaching the spindle poles, their minus-ends could
push directly into the structure of the spindle pole excreting direct
compressive forces on the poles (Fig. 4, box 1). This view is supported by
the laser ablation experiments demonstrating pushing forces are
responsible for spindle elongation in budding yeast [63,64] and by the
large set of EM data from various organisms [20,22,24,65], where the
minus ends of the overlapping midzone MTs physically interact directly
with the spindle poles suggesting direct pole pushing. On the other hand,
if the midzone MTs do not reach the spindle pole, their minus-ends could
push into other MTs that are connected directly to the spindle poles,
namely k-fibers [6,66] (Fig. 4, box 2). Such MT coupling mechanism is
supported by the EM studies of mammalian cells showing that antipar-
allel MTs do not directly interact with the pole during metaphase and
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anaphase but they interact with the adjacent MTs, mainly those that are
part of the k-fiber [23,28,31].

This notion of antiparallel MTs not interacting directly with poles has
been used as an indication in favor of a cortical pulling anaphase B
mechanism being more plausible in mammalian systems [7], but we
argue that there is a lot of evidence against this hypothesis. First, early
light microscopy observations of anaphase spindles marked by
photo-bleaching and more recent photoactivation approaches in living
cells both identified clear sliding of midzone MTs [12,28,67,68]
(Fig. 5A). Furthermore, it has been found recently that the velocity of
MT sliding in human cells is much greater than the velocity of spindle
elongation [68] (Fig. 5B), which would not be the case if the force
generator site is at the cortex and the midzone sliding is just a response
to the external pulling by astral MTs, as was suggested previously [69].
In that case one would expect the exact opposite, the velocity of spindle
elongation would be equal or greater than the velocity of sliding, the
situation not observed in human [68] or Drosophila embryo mitosis [70].
However, the observation of slower spindle elongation velocity when
compared to midzone MT sliding could be as well attributed to ongoing
minus-end depolymerization, although this process is downregulated
following anaphase onset (121). Next, as shown by the laser ablation
approach, a complete disconnection of a pair of sister k-fibers and their
associated bridging MTs from one spindle pole, and with them astral
MTs, led to chromosome segregation velocities similar to unperturbed
chromosomes in human cells [12] (Fig. 5C). Similar observation was
reported when the whole pole-proximal region of k-fibers on one side of
the spindle was removed with a laser [28] (Fig. 5D). An analogous
argument was raised after groundbreaking micromanipulation studies
on grasshopper spindles [71]. Likewise, laser ablation of all midzone
MTs abrogated spindle elongation in human spindles [12,28] (Fig. 5E)
and in some instances resulted in the movement of the poles towards the
chromosomes [28], opposite of the direction that would be expected
from cortical pulling forces [55], while laser perturbation of astral MTs
did not perturb spindle elongation [12] (Fig. 5F). Furthermore, acen-
trosomal anastral spindles made artificially in human cells are capable of
spindle elongation [72,73] (Fig. 5G), and lastly, the buckled midzones
observed in situations when cell length changes cannot follow the
spindle elongation during anaphase [74] (Fig. 5H) all suggest that the
force required for spindle elongation is predominantly generated
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Fig. 5. Schematic representation of the experimental data that support internal force-generation in human spindles during anaphase B. Dark orange lines in A,B
represent photoactivated tubulin subunits within midzone microtubules, light blue zones together with lightning sign in C-F represent the location where laser
ablation was performed. Dashed gray lines in B represent the movement of spindle poles and photoactivated tubulin in the spindle midzone over time. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

internally in human spindles. Nevertheless, there is still a possibility that
cortical pulling forces might play a role in the late anaphase spindle
elongation as discussed later (see Section 7), and there is evidence that
midzone MTs could also act as a brake to control the rate and extent of
spindle elongation during late anaphase [34,68].

5. Cell cycle regulation of anaphase B start and end - controlling
the risk

During the metaphase-to-anaphase transition, the global protein
phosphorylation state of the cell is reversed by the activation of E3
ubiquitin ligase APC/C which targets Cyclin B for degradation in pro-
teasomes leading to downregulation of CDK1 activity and increase in
PP1/PP2A phosphatase activity [75]. This allows the dephosphorylation
of proteins that were previously phosphorylated by mitotic kinases, thus
characterizing anaphase as a stage of net protein dephosphorylation
[42]. The described phosphorylation-dephosphorylation switch at
anaphase onset coincides with large changes in protein localization and
activity (Fig. 6), ensuing profound changes in spindle behavior.

The coordination of anaphase exit depends on Aurora B activity
gradient at the spindle midzone that monitors the extent of chromosome
separation during anaphase. The aurora B activity ensures that
completion of nuclear envelope reformation and chromosome decon-
densation occur only after sufficient sister chromatid separation [17],
thus defining a chromosome segregation checkpoint in late anaphase.

5.1. Dynamics of changes in protein localization, function and activity

Here, we will briefly discuss the most dramatic changes happening at
anaphase onset for some of the proteins of the mitotic spindle (Fig. 6).
First, the major metaphase outward force generators, including EG5/
kinesin-5 and KIF15/kinesin-12, do not change location drastically
following anaphase onset [76]. Second, the kinetochore bound minus
end-directed dynein is barely detectable or is completely removed from
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kinetochores at the metaphase-to-anaphase transition [77]. On the other
hand, minus-end directed HSET/kinesin-14 seems to remain associated
with minus-end of midzone MTs upon anaphase onset [78]. Third, levels
of dynein and crosslinking proteins like NuMA increase at the cortical
areas at anaphase onset, while they decrease at the poles and across the
spindle [79,80]. Furthermore, proteins that are involved in the control
of kinetochore-derived polymerization forces, like KIF18A/kinesin-8
[81], and proteins that promote polar ejection forces (PEFs) like chro-
mokinesins KID/kinesin-10 and KIF4A/kinesin-4 [82], are partially
removed after anaphase onset from kinetochores and chromosomes,
respectively. Interestingly, both KIF18A and KIF4A are transferred to the
spindle midzone in human cells following anaphase onset [81,83] and
whereas KIF4A is directly dependent on PRCI to localize to midzone
MTs [84], for KIF18A this dependency has not been studied to date.
The localization of the major crosslinker of antiparallel MTs, PRC1, is
controlled by its phosphorylation state, where phosphorylation by CDK1
inhibits its strong binding to MTs before anaphase [84]. However, a
fraction of PRC1 associates with the antiparallel MTs even in the
metaphase spindle [29,30]. This transition pattern of localization to
spindle midzone following anaphase onset is observed for most of PRC1
interaction partners during metaphase and anaphase counting various
motors and MAPs including: regulators of MT dynamics CLASPs and
kinesins-13, plus-end tracking proteins EB1, molecular motors KIF4A,
MKLP1/kinesin-6, MKLP2/kinesin-6, CENP-E/kinesin-7, KIF14/kine-
sin-3, and kinases polo-like kinase 1 (PLK1), citron kinase 1 and Aurora
kinase B, thus forming a main protein scaffold in antiparallel region of
the spindle [19,85] (Fig. 6). This regulatory PRC1 hub is involved in the
control of anaphase B and cytokinesis in many model organisms [10].

6. Molecular modules and players involved in spindle
elongation

Regarding spindle elongation in human cells, a lot of success has
been achieved in identifying regulators of MT dynamics, proteins that
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bundle and stabilize MTs, kinases, and phosphatases that fine-tune the
process [5,42,86], whereas the data on the force-generating proteins
that elongate the spindle remained scarce. In other organisms, a force
generating role has been described for the motors of the kinesin-5 and
kinesin-6 families during anaphase in yeast cells [87,88]. Also, other
aspects of spindle elongation, like regulation of midzone stability,
overlap length and the role of the midzone in braking spindle elonga-
tion, also lack details, which limits our understanding of these processes
in human cells. In this part of the manuscript, we will assemble the
gathered knowledge on different mechanisms of anaphase B in human
cells, proposing molecular models behind each phenomenon involved in
spindle elongation.

6.1. MT sliding motors and active force generation

Thus far, spindle elongation in human cells has been shown to almost
completely stop after the addition of nocodazole [74], which de-
polymerizes MTs, after the addition of taxol [17], which stabilizes MTs
against depolymerization and after perturbation of top signaling effec-
tors that regulate multiple mitotic targets, such as aurora kinases, PLK1,
CDK1 or Cyclin B [17,89,90]. Likewise, spindle elongation is abrogated
after inhibition of topoisomerase-II [42], which resolves DNA supercoil
threads and regulates activation of the midzone pool of Aurora B [91],
and after inducing MT rigor-bound state of EG5, a motor that localizes to
the antiparallel region [17,92]. However, none of these studies reported
a block in spindle elongation by specific removal of force-producing
proteins responsible for elongation which created a puzzle because the
prevailing view in the field is that anaphase B is ATP-dependent and
motor driven [5,7,93,94].

Nevertheless, as spindle elongation is drastically perturbed when
EG5 is locked in a rigor-bound state to midzone MTs [17], this motor
might have an active role during elongation. But, EG5 seems to be
dispensable for spindle elongation in human cells as inhibition of its
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ATPase activity that induces a weak MT-binding state does not affect the
rate of spindle elongation when compared to untreated cells [68,74].
Similar findings were also reported in Drosophila embryo mitosis after
injection of antibodies against kinesin-5 [70] and in pig epithelial cells
where EG5 inhibition modestly increased the rate of elongation [92].
This is contrary to dominant role of the motor in generation of outward
forces during pre-anaphase stages [95]. Besides, the lack of effect on
elongation cannot be explained by the presence of KIF15 motor [68,74],
which acts redundantly with EG5 during metaphase [95]. Additionally,
single depletion or inhibition of PRC1 or its interacting partners
including MKLP1, MKLP2, KIF4A, CENP-E, KIF14 and additionally
KIF18A and HSET did not stop spindle elongation during anaphase [68,
74,96], although most of them reduced the rate of spindle elongation
when compared to control cells [68]. This points out that plus-end
directed motors might be operating redundantly within the antipar-
allel overlap, or at other sites within the spindle.

Interestingly, the fact that spindles shorten after EGS5 inhibition
during metaphase, but elongate soon after anaphase onset, points to the
fact that additional outward force-generating mechanisms are turned on
at this point. Our lab has recently reported that the protein, that is able
to supplement for the lack of EG5 activity during anaphase spindle
elongation, is PRC1-dependent [68]. After double perturbation of EG5
and PRC1, no spindle elongation is observed. As a result of a complete
block in spindle elongation, the cells show either a delay or complete
absence of cytokinesis, both leading to large defects in chromosome
segregation [68]. The observed delay is consistent with the chromosome
separation checkpoint mediated by Aurora B that delays telophase onset
until sufficient chromosome segregation is achieved [17].

Interestingly, when KIF4A depletion is combined with EG5 inhibi-
tion, spindles also lose the capacity to elongate, in a phenotype that
completely mimics the one seen after PRC1 depletion and EG5 inhibition
[68]. This implies that PRC1 works as a scaffold to recruit KIF4A to the
spindle midzone, as was reported previously [84], and force-generation
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by PRC1-KIF4A complexes is acting redundantly with EG5 activity
during spindle elongation in human cells (Fig. 7, box 1). Furthermore,
this phenotype is directly related to the impairment of the antiparallel
MT sliding rather than disrupting global organization of midzone anti-
parallel MTs, suggesting that without force-generation in the overlap
region, spindle elongation is blocked [68], corroborating the data
gathered by laser ablation approaches [12,28]. Both EG5 and KIF4A are
reported to efficiently slide MTs in vitro [97,98], but they use distinct
mechanistical principles: EG5 is homotetramer that crosslinks two
antiparallel MTs, creating a system in which MTs are both its cargo and
its track [97] whereas KIF4A is a homodimer that requires PRC1 to
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may be a result of massive redundancy between EG5-generated MT
sliding that is teamed with the midzone localized and mostly
PRC1-dependent sliding motors whose function in antiparallel overlap
in upregulated following anaphase onset and a drop in the CDK1 activity
[19]. The anaphase B redundancy in motor activity, which was foreseen
earlier [102], could be dependent on the cellular context as well,
including differences between spindles in the exact organization of MTs,
levels of expression of genes encoding motor proteins, regulation of their
activity during specific phases, or regulation of activity and localization
of their regulators. These questions will surely merit future experimental
work on protein redundancy during anaphase B spindle elongation.

perform efficient sliding [98].

Regarding other possible candidates that could act redundantly with
EG5, a significant contribution has been shown for different sliding
motors [68] including kinesins-6 MKLP1 [99] and MKLP2 [100] and
kinesin-8 protein KIF18A [101] (Fig. 7, box 1), although not to the same
extent as KIF4A [68]. This could imply that MT sliding during anaphase

6.2. MT crosslinkers - midzone stability and braking mechanisms

The MTs of the central spindle during late anaphase can resist high-
pressure forces [103] and show increased resistance to
nocodazole-induced depolymerization [74], when compared to MTs in
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Fig. 7. Molecular mechanisms and major biochemical modules of anaphase B in human cells. Boxes 1-7 represent biochemical molecular modules involved in
different aspects of spindle elongation and chromosome segregation during anaphase B in human cells. Box 1, midzone microtubule sliding by various redundant
motor proteins (as depicted) where small arrows represent the movement of motor-heads and bigger blue arrows movement of bridging microtubules; Box 2, midzone
braking due to the frictional action of PRC1 (blue arrows) opposing the outward movement of bridging microtubules; Box 3, protein components involved in overlap
length regulation. (?) sign depicts probable contribution of the displayed protein. (+) sign represents inhibition of microtubule polymerization (depicted as incor-
poration of blue dots at microtubule plus-ends) by a displayed protein; Box 4, probable molecular interface between bridging and kinetochore fibers including protein
components as depicted, the blue thick arrow represents the movement of bridging microtubules. Box 5, factors involved in polar ejection forces. Gray dots represent
the polymerization of plus-end of the astral microtubule. Box 6, minus-end depolymerization of the kinetochore fiber is depicted by dissociation of small gray dots
depicting tubulin subunits. Box 7, main components of machinery responsible for cortical force-generation. Small gray dots represent depolymerization of tubulin
subunits at minus-ends of astral microtubules and the gray arrow represents the movement of the dynein complex toward minus-end of astral microtubules. The text
below and above each box represents the estimated activity of each module in depicted phases of mitosis. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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early anaphase midzone in HeLa cells. This dramatic increase in MT
stability following anaphase onset has been shown in yeast cells [104,
105], while in Drosophila embryos it was observed only in the
pole-proximal region of the anaphase spindle [106]. However, it
remained unclear if this increase in MT stability, mediated probably by a
decrease in PRC1 phosphorylation state after anaphase onset [74,107],
is important for all stages during anaphase. Recent work indicates that
this increase in central spindle MT stability is not essential for anaphase
spindle elongation during early anaphase as reduced MT stability does
not follow the trend of reduced spindle elongation velocities across
different conditions [68].

This brings us to the question of how spindles know when to stop
elongating. We argue that recent data points out that this is mediated by
a temporally controlled counterforce to the active MT sliding in the
midzone induced by the action of PRC1 during late anaphase in human
cells [34,108,109]. Similar mechanism has been proposed to work
during anaphase B in yeast spindles [110]. Experimental work on human
cells showed that during late anaphase, cells with perturbed PRC1 do not
stop spindle elongation at the same time as control spindles, and this led
to spindle over-elongation, demonstrating that PRC1 is an important
player in the control of extent of spindle elongation [34,68]. One pos-
sibility is that PRC1 induces frictional forces within the spindle midzone
to oppose cortical pulling by astral MTs mediated by cytoplasmic dynein
on the cortex [34]. However, as mentioned previously, the cortical
pulling mechanism does not seem to contribute greatly to the spindle
elongation, meaning this mechanism of spindle elongation impeding is
unlikely in human cells. We speculate this mechanism instead involves
braking imposed to the sliding of midzone MTs [68].

It is possible that PRC1 is by itself taking part in this braking action
(Fig. 7, box 2). Recent in vitro work supports this view as it showed that
frictional forces induced by PRC1 scale with MT sliding velocity and the
number of PRC1 crosslinks but do not depend on the overlap length or
PRC1 density within overlaps [108,111]. Interestingly, as PRC1 does not
substantially resist the relative sliding of two MTs crosslinked by
kinesin-5 motors [112], this suggests that resisting forces might depend
on the nature and strength of the motor force production within the
overlap. This PRC1 braking action is probably temporarily regulated in
the cell. In that regard, the possibility that PRC1 could induce large
friction to sliding during early anaphase is not supported by recent FRAP
experiments demonstrating that turnover of PRC1 in the midzone of
early anaphase spindles is relatively fast [34,109], and the reported
rates are not different from turnover rates during metaphase [109].
However, turnover rates drastically reduce as the cell approaches late
anaphase and telophase, coinciding with increase in the signal of PRC1
within the midzone [109], and the drastic drop in spindle elongation
velocity in human cells [42]. The notion that PRC1 residence time on
antiparallel MTs is important for the extent of the force that resists MT
sliding is reinforced by the recent in vitro work showing that greater
retention of PRC1 molecules in overlaps leads to larger frictional forces
[111]. The idea of temporal regulation of braking forces by increase in
both midzone stability and PRC1 friction is nicely recapitulated by PRC1
over-expression [68] and PLK1 inhibition experiments [89,107], which
both induce premature and extensive PRC1 bundling of midzone MTs
during metaphase, resulting in blocked spindle elongation during
anaphase B.

6.3. Plus-end controlling proteins and overlap length regulation

On the other hand, regarding the importance of polymerization of
interpolar MTs during anaphase, a recent study pointed out that the ends
of MTs in overlap regions are nondynamic in human cells and supported
a model in which the change in overlap length within MT bundles is
directly related to the extent of MT sliding [34]. However, the
peak-metaphase overlap length, measured to be around 5 ym in human
cells inferred from PRC1 signal length [30,34], cannot explain the extent
of the spindle elongation since spindle elongates in anaphase by 6-9 pm
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[42], and if model of nondynamic ends is correct, the spindle could
elongate to a maximum extent of 5 um after which the midzone MTs
would completely slide apart. This phenomenon was never observed in
anaphase of normal human cells where overlap length in central spindle
during late anaphase is around 2 um [19].

We argue that interpolar MTs polymerize at the midzone as the
anaphase B spindle elongates, as was reported in Ptkl cells [67,113],
possibly assisted by the augmin-/y-TuRC-dependent branching of mid-
zone MT plus-ends in human cells [114]. The dynamics of midzone
plus-ends is then regulated by PRC1-dependent protein KIF4A, a known
regulator of interpolar MTs plus-ends [84,115] and possibly also by
PRC1-dependent CLASP proteins, known to localize to the spindle
midzone, where they control plus-end dynamics [116,117],
MT-depolymerizing kinesin KIF18A that localizes to the central spindle
in anaphase [81] and regulates overlap length in metaphase [115]
(Fig. 7, box 3), and various members of kinesin-13 family [118]. How-
ever, the exact molecular mechanism of overlap length regulation dur-
ing anaphase merits further experimental work.

Importance of overlap length for spindle elongation was substanti-
ated by notion that spindle over-elongation is observed after depletion of
PRCl-interacting partner KIF4A [74], which inhibits the dynamics of
MT plus-end [119] (Fig. 7, box 3). Accordingly, it is known that
PRC1-bound MT bundles increase drastically in length after KIF4A
depletion [84], implying longer overlaps within those bundles. Thus, if
KIF4A is depleted from the spindle midzone, MT dynamics is switched to
favoring polymerization of interpolar MTs, leading to longer overlaps
that could support binding of more motors that exert their forces even
during late anaphase, leading to spindle over-elongation. Thus, KIF4A
controls the length of antiparallel overlaps during anaphase by regu-
lating polymerization at their plus-ends [74], defining the final length of
the spindle. However, it is not clear if KIF4A requires PRC1 to localize to
plus-ends of interpolar MTs during late anaphase in human cells,
although current experimental data support a view in which KIF4A can
perform this function independently of PRC1 [74]. To conclude, sudden
increase in the stability of spindle MTs, an increase in the
PRC1-mediated frictional forces and KIF4A activity at plus-ends [74]
solidify and shorten the midzone overlap regions during late anaphase
resulting in the slowdown of further sliding in the midzone [34,108]
(Fig. 7, box 2).

6.4. Transmission of the force from midzone to spindle poles

One interesting notion inferred from recent studies is that MT sliding
velocities within the spindle midzone are almost equal to the chromo-
some segregation velocity [28,68]. This implies that the
force-transmission =~ from  the spindle midzone to  the
chromosome-proximal region is a very efficient process. It is interesting
that the region between separating chromosomes and 1-2 pym from ki-
netochores is also defined to the same extent by the antiparallel overlaps
measured by the extent of PRC1 signal [29,30]. This suggests that
transmission of force generated in the midzone is efficient in the region
where bridging antiparallel MTs are present, and where they are
strongly crosslinked to kinetochore MTs. On the other hand, how is this
coordinated with the ongoing depolymerization of k-fiber MTs at ki-
netochores, which also contributes to chromosome segregation velocity
during anaphase [12], remains unknown, and requires additional
experimental data.

Interestingly, sliding velocities also tend to correlate with spindle
elongation velocities, but sliding is always slower than spindle elonga-
tion within an individual cell [68]. This may be due to depolymerization
of bridging MTs at their minus-ends, or an increased activity of
minus-end directed motors near the pole [120] (Fig. 7, box 4). Obser-
vation of such phenomenon is similar in nature to the rate of transport of
yTuRC-capped MTs, which is faster near the equator than the poles in
the metaphase spindle of human cells [121] and to the flux velocity
decrease near spindle poles in Xenopus [122] and human spindles [123].
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However, the details of the molecular nature of the connections between
k-fibers and bridging fibers during anaphase, and the dynamic nature of
their interactions, awaits further studies, but probably includes the ac-
tivity of MT-crosslinkers like NuMa, EG5, KIF15 and dynein (Fig. 7, box
4), similar to metaphase spindles [124].

6.5. Tubulin polymerization and active force-generation

Theoretically, it would be possible that spindles elongate as a result
of pushing forces exerted directly by MT polymerization from a plus-
ends of interpolar MTs. Such growth against the barriers is a well-
known way of MT pushing [125]. This MT pushing mechanism has
been described in yeasts and it is involved in the positioning of spindle
pole bodies or the spindle, without contributing to anaphase B spindle
elongation [63,126]. In newt lung cells, pushing forces from growing
MTs were demonstrated by a laser ablation approach where the removed
chromosome fragment without kinetochore was pushed away from the
proximal pole by the action of PEFs [127]. This force that ejects chro-
mosome arms from the poles could result from the push of growing
astral MTs directly into chromosome arm or from action of chromoki-
nesins walking on MTs while they are connected to chromosome [128]
(Fig. 7, box 5). Interestingly, it was shown that PEFs are inactivated by
degradation of KID motor at anaphase onset in Xenopus egg extracts
[129]. A similar reduction of PEFs at anaphase onset likely occurs also in
human cells, though to a smaller extent given that after
double-depletion of KID/KIF4A, chromosomes segregate more closer to
the spindle poles [42]. Regarding direct pushing by growing plus-ends of
interpolar MTs in the midzone, current experimental data does not
support such possibility in human cells as KIF4A and EG5 promote MT
depolymerization [119,130], thus in their absence MTs are expected to
polymerize more, and promote spindle elongation, which is the opposite
from the block of spindle elongation that was observed after perturba-
tion of these two motors in human cells [68]. Conversely, the
CLASP-dependent polymerization of MTs between chromosomes is
essential for anaphase B in acentrosomal spindles of C. elegans oocytes
[131,132]. For direct testing of the role of MT polymerization forces
during anaphase spindle elongation in human cells, additional studies
are needed.

6.6. Minus-end controlling proteins and poleward flux

The phenomenon of poleward flux represents the active movement
of tubulin subunits within an individual spindle MT toward its respec-
tive spindle pole [133], and it was described in some systems that this
process slows down as anaphase progresses [134]. A more contemporary
view of flux sees it as the result of sliding forces generated by interpolar
MTs that are coupled with k-fibers whose minus-ends depolymerize
around poles [123,135-137]. In human cells with inhibited flux during
metaphase, following kinesins-13 depletion (Fig. 7, box 6), the velocity
of spindle elongation was unchanged [138]. In Drosophila embryo
mitosis and Xenopus egg extracts, a reduction in poleward flux rates after
anaphase onset has been shown to act as a switch between steady-state
metaphase length and anaphase spindle elongation [139,140]. On the
other hand, attenuation of MT-flux in human cells either had no effect on
spindle length [138], or resulted in shorter spindles [141]. Spindle
shortening after flux perturbation could be explained by a situation in
which plus-end polymerization is reduced, while minus-end depoly-
merization still continues. Recent data from human cells showed that
MT flux driven by four kinesins regulates spindle length by specifically
counteracting depolymerization of kinetochore MTs at their plus-ends
driven primarily by MCAK/kinesin-13 [135]. This could explain why
MT flux becomes dispensable to regulate spindle length in the absence of
MCAK during metaphase [138]. In anaphase, when MCAK activity is
downregulated [138,142] and kinetochore MTs depolymerize at
plus-ends, the spindle elongation may start after minus-end depoly-
merization slows down, as in Drosophila [140], but that notion requires
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direct testing. However, the minus-end depolymerization is likely more
pronounced in human spindles during anaphase when compared to
Drosophila embryo cells, as MT sliding rates in human cells are higher
than the rates of spindle elongation during anaphase B [28,68,140].

6.7. Cortical force generators and spindle elongation

As already described, one way of cortical force generation revolves
around motor-dependent mechanisms in which minus-end directed
motor dynein in complex with dynactin-NuMA pulls the astral MTs to-
ward the cortex [1] (Fig. 7, box 7). In human cells, the final spindle
length at the end of anaphase is reduced after NuMA depletion [143].
However, NuMA is during anaphase and metaphase also located
throughout the mitotic spindle where it mediates connections between
parallel MTs [123,124,143] (Fig. 7, box 4), meaning conclusions based
on depletion approaches are not straightforward. Furthermore, the ef-
fects of disruption of NuMa and cortical forces on cell elongation rather
than spindle elongation are also possible [43], and would lead to the
inability of the spindle to elongate when it reaches the cortical area [74].
Moreover, spindle elongation in human cells does not depend on the
presence of dynein, since after total depletion of dynein, spindles are
able to elongate similarly to controls [95,96]. More specifically, removal
of both dynein cortical adapters LGN and a 4.1 family protein does not
affect rates of sister chromatid segregation in HeLa cells during early
anaphase, but only during later stages [43]. In agreement, there was no
acceleration of spindle pole separation after cutting of spindle midzone
region during early anaphase [12,28], similar to other systems where
midzone forces are predominant [63]. In line with this, disruption of the
actin cytoskeleton by actin-antagonizing drugs, which abolishes the
astral MT link to the cortex and thus the forces they may impose on the
spindle, does not affect spindle pole separation in human cells [144]. On
the other hand, one could argue that astral MT connections to the actin
cytoskeleton are not essential for spindle elongation [56]. In conclusion,
cortical pulling forces mediated by dynein seem dispensable for fast
spindle elongation and chromosome segregation during early anaphase
in human cells.

Still, as astral MTs might be exerting pulling by depolymerization
driven forces coupled to cortical or other adapters, which could be
dynein and actin-independent, direct evidence for the absence of ac-
tivity of cortical forces for spindle elongation in human cells is still
lacking, contrary to evidence for their role in spindle positioning and
orientation [43]. One would argue that normal mitosis in cells that lack
most astral MTs observed in monoastral bipolar spindles after treatment
with the plk4 inhibitor centrinone [56,72], or in an anastral spindles
observed after ablation of both centrosomes during prophase [73],
suggests that astral force generation is not essential for anaphase B. Yet,
as these experimental setups were not designed to study the anaphase B
mechanisms directly, the conclusions in that part are challenging. One
promising approach in that regard seems to be to control the growing
ends of MTs by the localized control of EB1 activity using optogenetic
approaches, similar to what has recently been done on metaphase
spindles in human cells [145], where disruption of both cortical and
midzone growing MTs had an impact on spindle length.

7. Temporal control of distinct mechanisms during anaphase B -
maybe all models were right?

The different anaphase B mechanisms of inside pushing and outside
pulling could operate in a coordinated manner during distinct phases of
anaphase (Fig. 8). Thus, it is possible that spindle elongation might
depend on midzone-generated forces during early anaphase B spindle
elongation, as there is a lot of evidence supporting this [12,28,68], while
during late anaphase, forces generated on the cortex may help to elon-
gate the spindle. Although little experimental evidence currently sup-
port the letter possibility, like clear reduction in chromosome
segregation velocity during late anaphase after depletion of dynein
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Fig. 8. Proposed scheme of temporally divided activities of different spindle
elongation mechanisms. Typical time course in human cells for centrosome
distance and length of overlap is plotted in the graph that further depicts mo-
lecular force-generating mechanisms which act in respective phases of mitosis
and are presumably responsible for the observed dynamics of centrosome
movement and overlap length changes. P, prophase; PM, prometaphase, Meta,
metaphase; Ana, anaphase; T, telophase.

cortical adapters [43], the lack of experimental approaches directly
addressing this problem does not firm the conclusion in which cortical
forces are not contributing to spindle elongation.

One observations however, argues against this temporal displace-
ment possibility, at least before late anaphase, and that is the striking
similarity between the rates of spindle elongation during both prom-
etaphase and early anaphase [41,68] (Fig. 8), implying similar mecha-
nisms. However, the rates during early and late anaphase are clearly
different, although the latter are probably controlled by the midzone
braking mechanisms [34,108] (Fig. 8), indicating there is a possibility
that cortical forces might operate during late anaphase to elongate the
spindle. In addition, since astral MTs might be exerting forces inde-
pendently of dynein pulling by motor-activity, the experimental chal-
lenge in directly assessing this problem is to disrupt astral MTs without
disrupting other MTs in the spindle, a challenge that seems to be
improved after the development of optogenetic tools for fast control of
protein localization and activity in specific space and time [115,145].
Such localized approaches could finally settle the old debate, and con-
tradictory experimental data gathered using similar techniques in
various systems, that could end up in the situation in which all models
were right, just at different time points.

8. Conclusions

Anaphase B is a very robust phase of mitosis that relies on the mul-
tiple distinct and coordinated mechanisms to accomplish the crucial task
of chromosome segregation. We reason this is due to the fact that
anaphase represents the final point in the mitotic process, where after
satisfaction of complex survey mechanisms that ensure proper connec-
tions between MTs and chromosomes, the cell must achieve sufficient
chromosome segregation before onset of chromosome decondensation,
nuclear envelope reformation and furrow ingression. The final result is
two daughter cells with an equal number of chromosomes. In that re-
gard, anaphase is not only adapted to precision rather than to speed
[146], but it is also highly robust and characterized by redundancy to
achieve effective separation of sister chromatids to adapt to
ever-changing environment. Finally, in many regards, early anaphase
seems more similar to metaphase than to late anaphase when the central
spindle solidifies in preparation for the late mitotic stages, with some
notable differences including downregulation of minus-end directed
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motors and other mechanisms that might oppose anaphase movement,
recruitment of additional plus-end generating motors to the midzone
region and upregulation of other outward directed mechanisms that
together help to elongate the spindle.
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