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The microtubule-based spindle orchestrates chromosome segregation
during cell division. Following more than a century of study, many
components and pathways contributing to spindle assembly have
been described, but how the spindle robustly assembles remains
incompletely understood. This process involves the self-organization
of alarge number of molecular parts — up to hundreds of thousands

in vertebrate cells — whose local interactions give rise to a cellular-
scale structure with emergent architecture, mechanics and function.

In this Review, we discuss key concepts in our understanding of spindle
assembly, focusing on recent advances and the new approaches that
enabled them. We describe the pathways that generate the microtubule
framework of the spindle by driving microtubule nucleationina
spatially controlled fashion and present recent insights regarding

the organization of individual microtubules into structural modules.
Finally, we discuss the emergent properties of the spindle that enable
robust chromosome segregation.
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Introduction

The spindle, first described in the 1880s' by Walther Flemming, is a
bipolar, microtubule-based structure that positions chromosomes
atits centre and segregates them into two daughter cells. Errors in
spindle assembly and function can lead to aneuploidy, cancer and
birth defects>’. The process of spindle assembly, which occurs between
prophase and metaphase of cell division (Fig. 1a), serves as an excellent
system to study both fundamental concepts of cellular self-organization
and mechanisms whose dysregulation leads to disease.

During spindle assembly, the most basic building block of
microtubules, tubulin, self-organizes from nanometre-scale dimers
to micrometre-scale structural modules such as microtubule-based
kinetochore fibres (k-fibres) (Fig. 1b). Although the identities of nearly
allspindle parts (for example, microtubule nucleation factors, motors,
crosslinkers) are knownin many species, how these parts come together
togiverisetothespindle’s robust architecture, mechanics and function
remains far fromclear. Indeed, both conceptually and technically, there
is currently a gap between bottom-up approaches (reconstituting
systems from their parts) and top-down approaches (breaking systems
apart) to study spindle assembly.

We organize this Review into three parts, from the smaller to the
larger spatial scales of spindle assembly (Fig. 1b). We first describe how
the microtubule framework is built across space and time for efficient
spindle assembly. Second, we introduce how motor proteins (such as
dynein) and non-motor proteins (such as crosslinkers) organize this
microtubule frameworkintokey structural modules, including k-fibres,
bridging fibres and astral microtubules, each of which are essential to
spindle function. Third, we describe how these structural modules give
rise to the metaphase spindle and discuss the emergent properties of
the spindle, including spindle dynamics, mechanics and size, which
ultimately enable accurate chromosome segregation. Although study-
ing spindle assembly across diverse species will continue to reveal
rich insights into the fundamental mechanisms of the cell division
machinery, we focus our discussion on animal spindles. We highlight
recent studies that have expanded classic concepts and describe how
novel developments in molecular, physical and imaging approaches
are improving our understanding of animal spindle assembly (Box 1).

Spindle microtubule nucleation

At the onset of cell division, interphase microtubule structures are
disassembled into their basic af-tubulin subunits, supplying the cell
with material to build the spindle framework. Efficient spindle assem-
bly requires rapid formation of thousands of microtubules. However,
spontaneous microtubule nucleation in cells is inefficient. The divid-
ing cell uses several microtubule nucleation pathways to overcome
this nucleation barrier at defined locations within the cell such as
centrosomes, kinetochores and other microtubules. Together with
proteins that organize microtubules and regulate their stability, these
nucleation pathways give rise to the bipolar structure of the spindle, in
whichmost microtubule plus ends (characterized by exposed -tubulin
subunits and usually fast growth) are oriented towards chromosomes
and most microtubule minus ends (with exposed a-tubulin and slow
growth) point towards spindle poles. Individual microtubules are
dynamic, nucleating from their minus ends and constantly growing
and shrinking, which occurslargely from their plus ends. The lifetimes
of individual spindle microtubules (seconds to minutes) are much
shorter than that of the spindle, which persists up to an hour to support
chromosome segregation. Thus, microtubules must not only be nucle-
ated to build the spindle but also to maintainit and allow it to remodel

itself as cell division progresses. Here, we provide an overview of how
thebarrier tonucleationis overcome, how nucleation pathways regu-
late microtubule formationin space and time, and how these pathways
cooperate to build the spindle.

Molecular basis of nucleation

Microtubules are cylindrical polymers containing 13 filaments com-
posed of af-tubulin heterodimers, arranged in a head-to-tail configura-
tion. For microtubules to form, individual tubulindimers mustinteract
laterally to create the cylindrical microtubule shape. This process
requires the formation of a tubulin oligomer consisting of approxi-
mately eight tubulin dimers*, which is energetically unfavourable
and makes spontaneous microtubule nucleation inefficient’ (Fig. 2a).
In higher eukaryotes, efficient nucleation is promoted by a universal
microtubule nucleation template, the y-tubulin ring complex (y-TuRC).
This ~2.2-MDa cone-shaped complex is formed by y-tubulin complex
proteins 2-6 (GCP2-6), mitotic spindle organizing proteins 1and 2
(MZT1and MZT2),and actin®’, Together, these proteins provide a scaf-
fold to position 13 y-tubulin monomers into a left-handed helix with
13-fold symmetry, roughly mimicking microtubule geometry®™. This
y-TuRC geometry provides a microtubule minus end template upon
which af3-tubulin dimers assemble, facilitating the formation of critical
lateralinteractions betweenindividual dimers necessary to overcome
the kinetic nucleation barrier'®. Recent studies revealed that y-TuRC-
facilitated nucleation requires the assembly of approximately four to
seven tubulin dimers to nucleate a microtubule®, as opposed to the
eight-dimer assembly needed for spontaneous nucleation'. Addition-
ally, y-TuRCrequires the chTOG protein (also known as CKAPS5, or Stu2
and XMAP215inyeast and Xenopus, respectively), which recruits tubulin
dimers to the template for assembly. Together, chTOG and y-TuRC
synergistically act to nucleate microtubules and form the universal
microtubule nucleation module’ ™ (Fig. 2a). Although mechanisms for
y-tubulin-independent nucleation have been reported in cells™' and
studied in vitro''¥, bipolar spindle assembly requires y-tubulin’>"
and relies mainly on y-TuRC-dependent pathways, which are discussed
in the next section.

Key tobuilding aspindleis the spatial and temporal regulation of
y-TuRC nucleation activity. After nucleation, microtubule dynamics
are largely modulated by proteins that tune growth and shrinkage,
and regulate catastrophe and rescue rates®. It has been proposed that
interactors of y-TuRC, specific to each nucleation pathway, may serve
asactivators of its nucleation activity” ** and we describe these in the
following sections. How these activators function mechanistically is
an open question. Proposed modes of activation include an induced
conformational ‘ring closure’ of y-TuRC to better mimic microtubule
geometry, as observed invitro with yeast y-TuRC**. This conformational
change maybe achieved simply asaresult of thelateral a-tubulininter-
actions formed between dimers upon assembly on y-TuRC, which may
promote a more microtubule-like configuration of the y-TuRC struc-
ture'’. Consequently, increased tubulin concentration alone would
increase tubulinbinding to y-TuRC and bias y-TuRC towards a conforma-
tionally activated state’®. Recently, y-TuRC regulation by local tubulin
enrichment, driven by the formation of biomolecular condensates, was
proposed to occur at centrosomes and on the microtubule lattice .
This enrichment may not only overcome the nucleation barrier®° but
also provide the necessary raw material for spindle assembly exactly
whereitis needed.

y-TuRC is targeted to defined locations to construct the spindle
inaregulated manner. We next discuss these microtubule nucleation
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Fig.1|Overview of spindle assembly, from molecular parts to cellular-scale
properties. a, Stages of spindle assembly. During prophase, centrosomes
separate to opposite sides of the nucleus and chromosomes become condensed,
followed by nuclear envelope breakdown at the end of prophase. In prometaphase,
microtubules are nucleated from several sources (see also Fig. 2), and kinetochores
begin to capture microtubules. Microtubules thatinteract with chromosome

arms aid in chromosome congression to the middle of the cell. In metaphase,
chromosomes align to form the metaphase plate, and bundles of microtubules

attached to each kinetochore (termed k-fibres) mature. b, Spatial scales of spindle
assembly. Spindle assembly requires formation of microtubules from af3-tubulin
dimers. This process relies on nucleation pathways that target the y-tubulin ring
complex (y-TuRC) to promote microtubule nucleationin specified locations.
Individual spindle microtubules assemble into structural modules through the
action of crosslinkers and motor proteins. The spindleis characterized by emergent
properties — that is, characteristics of the ensemble that are not exhibited by its
component parts — such asits material properties and poleward microtubule flux.

pathways, which are characterized by their means of specifically local-
izingand activating y-TuRC at centrosomes and around chromosomes
(Fig.2b-e).

Centrosome-mediated nucleation

In centrosome-containing spindles, such as in animal somatic cells,
centrosomes are located at the spindle poles. In preparation for
cell division, centrosomes mature by expanding their surround-
ing pericentriolar material (PCM) through protein accumulation,
which is largely controlled by PLK1and Aurora A kinase activity?*%.

Various PCM proteins then perform the key task of recruiting and
anchoring y-TuRC to centrosomes and recruiting microtubule nuclea-
tion effectors®? (Fig. 2b). The PCM protein CEP192 activates a cascade
of protein phosphorylation through Aurora A and PLK1kinases. While
many details remain elusive, this cascade drives y-TuRC and chTOG
localization to centrosomes®*** and activation of microtubule nuclea-
tion*, possibly through phosphorylation of the y-TuRC interactor
NEDDI1 (ref. *). CEP192 and NEDDI1 localization is also facilitated by
the PCM component pericentrin®, which can also directly anchor
y-TuRC?®. Therefore, indirect effects caused by the interdependence
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Box 1

Emerging technical approaches to study the spindle

The process of spindle assembly is highly dynamic in space and time.
Several emerging approaches, capable of manipulating and imaging
the spindle with high spatiotemporal control and resolution, have
complemented classical approaches to improve our understanding
of spindle assembly.

Molecular approaches aim to define the mechanisms underlying
spindle function. Molecular perturbations with improved
spatiotemporal control include optogenetics and the auxin-inducible
degron (AID) system. Optogenetic approaches entail tagging
proteins of interest with engineered domains whose conformations
are sensitive to specific wavelengths of light. This allows their
localization or activity to be finely controlled via the spatial pattern,
timing and/or intensity of illumination. This strategy has been
employed to study the roles of the spindle proteins PRC1 (ref. ™)
and EB1 (ref. °°), among others. The AID system takes advantage of
a protein degradation system found in plants to deplete proteins
with temporal but not spatial precision. This system can be applied
to non-plant cells by genetically modifying proteins, such as NUMA,
HURP and components of the RanGTP pathway''’®, to contain a small
degron tag, which targets tagged proteins for rapid ubiquitylation
(Ub) and degradation following induction with the plant hormone
auxin. Both optogenetics and AID acutely affect protein behaviour,
allowing for protein function at discrete stages of cell division to be
studied. Acute perturbations can also reveal phenotypes previously
obscured by cellular adaptation after long-term protein depletion.
However, optogenetics and AID may not be possible for all proteins,
including those with very slow turnover or those for which adding a
tag disrupts protein function.

Physical approaches aim to measure and manipulate mechanical
forces in the spindle. The spatiotemporal control that some physical
approaches provide has been especially helpful in uncovering
the specialized mechanics of the spindle in space and time, and
probing their molecular basis. Microneedle manipulation, first

developed half a century ago'”® and recently adapted to mammalian
cells™?", exerts controllable forces of varying magnitude, direction
and duration on specific spindle substructures such as kinetochore
fibres. Microneedle manipulation in Xenopus egg extract spindles,
where no surrounding membrane or cortex is present, can also
provide quantitative measures of spindle material properties such
as viscoelasticity?****°, Laser ablation acutely and locally severs
spindle microtubules, allowing for the relaxation of spindle forces
and breaks in spindle architecture. These approaches, while low
throughput, provide insights to the material properties and robust
structural maintenance of the spindle, and their more recent
combination with molecular approaches is beginning to reveal their
molecular basis.

Innovations in imaging approaches have improved the spatial and
temporal resolution at which we can now observe spindle assembly.
Expansion microscopy is a fixed-sample technique in which a
sample is covalently bound to a swellable polymer, homogenized via
enzymatic digestion, and linearly expanded to ~4.5-fold its original
size. This expansion decreases crowdedness within the cell and
allows higher spatial resolution of protein localization within the
dense spindle architecture, observable through immunofluorescence
and standard confocal microscopy?”. Cryo-electron tomography
utilizes thin frozen samples and acquisition of a series of data
points at various (tilted) angles to provide three-dimensional
reconstructions of spindle microtubules and structures, such as
kinetochore fibres""®, at angstrom resolution. Lattice light sheet
microscopy scans samples using thin sheets of light, allowing
high-resolution volumes of whole cells to be acquired with minimal
phototoxicity at sub-second intervals®®?’>?’*, With lattice light sheet
microscopy, resolving the dynamics of all spindle microtubules
is now achievable?’*?”. However, the slow speed associated with
processing and analysing the large data sets generated from these
experiments currently limit this technique.
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Fig.2|Microtubule nucleation during spindle assembly. a, Spontaneous
microtubule nucleation from af3-tubulin dimers is energetically unfavourable
and therefore aninefficient process. Nucleation is facilitated by the universal
microtubule nucleation module that comprises the chTOG protein and the
y-tubulin ring complex (y-TuRC), which mainly consists of y-tubulin and y-tubulin
complex proteins 2-6 (GCP2-6). y-TuRC provides a microtubule minus end
template for nucleation whereas chTOG recruits af3-tubulin dimers to speed up
microtubule assembly. Microtubule nucleation is localized to specific spindle
sites, such as centrosomes (b), existing microtubules (c), kinetochores (d) and
centromeres via the chromosomal passenger complex (CPC) (e). Chromosomes
play akey role in activating the small GTPase Ran to form RanGTP, which forms
agradientaround chromosomes following nuclear envelope breakdown. This
gradient spatially activates nucleation on existing microtubules (c) by creating a
corresponding gradient of active spindle assembly factors (SAFs). Additionally,
RanGTP activates nucleation at kinetochores (d). b, The pericentriolar matrix
components pericentrin, centrosomal protein 192 (CEP192) and, possibly,
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to the centrosome. ¢, In microtubule-mediated (branching) nucleation, the
y-TuRC-interacting complex augmin binds and localizes y-TuRC and chTOG

to the microtubule lattice. In Xenopus laevis egg extract, this mechanism also
requires the RanGTP-activated SAF TPX2, which facilitates recruitment of

the remaining factors to microtubules. This pathway results in microtubules

of conserved polarity relative to the pre-existing microtubule, which are
nucleated at a shallow angle (<30°) and often parallel to the mother microtubule.
d, y-TuRCislocalized to kinetochores by the nucleoporin (Nup) complex
Nup107-160 and Nup-interactor ELYS and activated inaRanGTP-dependent
manner. e, Formation and localization of the chromosome passenger complex
(CPC) to theinner centromere activates the CPC component Aurora B kinase.
AuroraB phosphorylates and inactivates the microtubule destabilizing protein
MCAK and the tubulin-sequestering protein stathmin to facilitate microtubule
nucleation and polymerization towards kinetochores, independently of RanGTP.

of PCM protein accumulation make it difficult to disentangle the indi-
vidual role of PCM proteinsin y-TuRC recruitment and can complicate
functional studies. Additionally, the PCM component CDKS5 regula-
tory subunit-associated protein 2 (CDK5SRAP2) can activate y-TuRC

nucleation activity viaits y-TURC nucleating activator (y-TuNA) motif
(also known as the CM1 motif)*"**¥, although conflicting reports
exist on whether CDK5RAP2 can also directly localize y-TuRC to
centrosomes’*>%,
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In Caenorhabditis elegans, the CDK5RAP2 homologue SPD5 forms
aprotein-rich compartment, potentially through condensation, that
is enhanced by PLK1 and the CEP192 homologue SPD2. This SPD5
compartment recruits the chTOG homologue ZYG9 and other regu-
latory factors (such as the C. elegans homologue of the Ran-regulated
protein TPX2, discussed below), and enriches centrosomal tubulin
concentrations tenfold*?. These findings present a possible model of
how tubulinand nucleation factorsbecome enriched at the centrosome
inthe absence of amembrane, and thus may turn the centrosomeinto
apotent microtubule organizing centre capable of facilitating spindle
assembly in centrosome-containing cells.

Chromosome-mediated nucleation

Spindles in most plant cells, Xenopus egg extract and many other
animal oocytes formin the absence of centrosomes®*2. Evenin many
centrosome-containing cells, centrosomes are dispensable for spindle
assembly**"*. The ability of spindles to assemble without centrosomes
is largely due to several other microtubule nucleation pathways that
originate from chromosomes, many of which are regulated by the Ran
pathway.

Ran-driven spindle assembly. Ranisasmall GTPase that is converted
toits active RanGTP form by the chromatin-associated factor RCC1
(ref.*®). Ininterphase, RanGTP is concentrated in the nucleus and func-
tions to release nuclear cargo proteins from the transport complex
importin-a/B*, whose binding inhibits the function of many nuclear
cargo proteins*®™', Many of these proteins regulate microtubule nuclea-
tion, organization and dynamics during cell division, and are termed
spindle assembly factors (SAFs)**™". After nuclear envelope breakdown,
RanGTP diffusesinto the surrounding cytoplasm, where GTP is hydro-
lysed toforminactive RanGDP, creating achromatin-centred gradient
of RanGTP (Fig. 2). This allows the release of SAFs fromimportin-o/Bina
corresponding gradient™**. This active SAF gradient facilitates spindle
assembly in many systems™, although the mechanistic contributions of
many individual SAFs to spindle assembly remain undetermined. Inhibi-
tion of the RanGTP pathway leads to severe spindle assembly defects
in Xenopus egg extract and mild defectsinmammalian cells****, which
may indicate that chromosome-driven and centrosome-driven systems
differentially utilize the Ran pathway during spindle assembly. Below,
we describe the possible role of RanGTP in microtubule-mediated and
kinetochore-mediated nucleation.

Microtubule-mediated nucleation. Assembly of the spindle requires
the formation of dense and uniformly polar microtubule arrays. The use
of existing microtubules to form new microtubules with conserved
microtubule polarity provides an elegant means of accelerating this
process and has been observed in plants, Drosophila, Xenopus egg
extract and human cells** . This process, also termed branching
microtubule nucleation, nucleates microtubules at shallow angles
alongthe surface of pre-existing microtubules, resulting in exponential
microtubule self-amplification®®. In vitro reconstitution of this process
hasbeen achieved using Xenopus, Drosophila and human proteins. Inall
cases, the minimal branching components consist of y-TuRC and the
octameric protein complex augmin® . The augmin complex s capable
of both microtubule binding and y-TuRC binding, allowingit to localize
Y-TuRC to microtubules®** (Fig. 2c). Depletion of this universal branch-
ing factor leads to defects in k-fibre formation in Drosophila S2 and
mammalian cells, and greatly reduces spindle microtubule massinall
spindles studied to date>***°¢-%8 Thus, the functions of this pathway

are conserved despite species-specific differencesinits contribution
tospindle assembly.

Additional factors are required in some species to drive efficient
branching nucleation. In experiments based on Xenopus egg extract
and in vitro assays using Xenopus proteins® (but not in Drosophila S2
cells®’), the branching pathway was found to require the SAF TPX2,
which itself is regulated by the Ran pathway*®. Although this process
does not appear to be necessary for branching activity using human
proteins in vitro®, the contributions of TPX2 and the Ran pathway in
branching microtubule nucleationin human cells require further study.

In Xenopus egg extract,abranchsiteisinitiated by thelocalization
of RanGTP-released TPX2 to the microtubule lattice™’°. In vitro, this
occurs by TPX2 condensates forming regularly spaced droplets on
microtubules. These droplets confine the space along microtubulesin
whichbranching and nucleation factors must searchto find each other,
thusincreasingthe speed of branching complex formationin compari-
sonto auniform TPX2 coating””".Inaddition, TPX2 co-condenses with
tubulininvitro and thus may also supply the branch site with building
material for more efficient nucleation”. Apart from mediating branch-
ing, TPX2 may stabilize growing microtubules, as seen in vitro’>”>, How-
ever, further studyisrequired to determine if any of these mechanisms
are relevant to branching microtubule nucleationin vivo.

Besides TPX2, the microtubule-binding protein EML3 may facil-
itate binding of augmin to the microtubule lattice™. Additionally,
augmin binding to y-TuRC may be further supported by interaction
with NEDDI (ref. *°). Altogether, this nucleation pathway promotes
spindle self-organization by increasing the number of spindle micro-
tubules while preserving their orientation®®”, which may enable rapid
kinetochore capture.

Kinetochore-mediated nucleation. How spindle microtubules find
kinetochores within large eukaryotic cells during the limited timescale
of mitosis has been amajor question of study. In principle, asolutionis
forkinetochores to nucleate their own microtubules. Initially proposed
to be asafeguard for timely kinetochore attachment to the spindle in
case other pathways fail*>’*”’, recent studies suggest that microtubule
nucleation fromkinetochores begins at early prometaphase andis criti-
cal for timely kinetochore biorientation”””’. In HeLa cells and Xenopus
egg extract, the nucleoporin (Nup) proteins Nup107-160 can localize
y-TuRC to unattached kinetochores via the Nup-interactor ELYS®*"%2,
In Xenopus egg extract, microtubules nucleate from this complex in
a RanGTP-dependent manner® (Fig. 2d). Whereas the Nup107-160
complex is required for bipolar spindle assembly in Xenopus egg
extract®, itisnot necessary in HeLa cells®. Therefore, the relevance of
this mechanismmay be species dependent. Interestingly, the formation
ofkinetochore-associated microtubules requires TPX2in mammalian
cells®. This suggests that branching microtubule nucleation or TPX2-
mediated microtubule stabilization at kinetochores may contribute to
the formation of these kinetochore-associated microtubules.
Although microtubule nucleation from kinetochores would, in
principle, resultinincorrectly oriented microtubules with minus ends
oriented towards kinetochores, electron microscopy reveals that these
microtubules have the correct orientation with plus ends pointing to
kinetochores®. The proper orientation could possibly be achieved
if the kinetochore rapidly released newly nucleated microtubules,
interacted with microtubule walls via the motor CENP-E and the
depolymerase MCAK (also known as KIF2C), and subsequently recap-
tured plus ends’®®¢. However, a recent study visualizing the minus-
end-localized protein ASPM during kinetochore-associated
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microtubule regrowth in Drosophila S2 cells argues against polar-
ity inversion of kinetochore-mediated microtubules and favours a
model in which kinetochores bind short microtubules nucleated
in close proximity to the kinetochore by other mechanisms such as
chromosome-mediated nucleation pathways®. Thus, visualization
methods with better spatial and temporal resolution are required to
establish exactly how microtubules form at kinetochores and how
prevalent this mechanismisin comparison to other mechanismsactive
near chromosomes such as nucleation mediated by the chromosomal
passenger complex (CPC).

CPC-mediated nucleation. In the absence of a RanGTP gradient,
Xenopus egg extract spindles still form around sperm chromatin,
whereas no microtubules form around chromatin beads, which lack
both kinetochores and centromeres®. This implies the existence
of another spatially regulated pathway at either kinetochores or
centromeres thatacts complementary toandindependent of RanGTP-
dependent pathways. This pathway, which is able to compensate for
loss of RanGTP-dependent microtubule formation, is mediated by the
CPC®,Inmammalian cells, this mechanismis required for kinetochore-
associated microtubule formation®*, reflecting a conserved role in
generating spindle microtubules. The CPC consists of four proteins
localized attheinner centromere: aninner centromere protein (INCENP)
scaffold, Aurora B kinase, and the non-enzymatic subunits Borealin
and Survivin (also known as BIRC5)%. Aurora B activity, promoted
by CPC formation, phosphorylates and inactivates microtubule-
destabilizing proteins such as MCAK and stathmin (Fig. 2e). This effec-
tively promotes microtubule nucleation near kinetochores to facilitate
kinetochore capture’ 2, Passive diffusion of these phosphorylated
Aurora B substrates, such as stathmin, away from the centromere
creates a gradient that stabilizes spindle microtubules globally®>®**,
including microtubules nucleated by other pathways. Interestingly, the
CPCappears toformabiomolecular condensate that can concentrate
tubulinand directly nucleate microtubules in vitro®. In vivo, the ability
of the CPC to form a condensate was proposed to be correlated to
its localization to the centromere®. However, the formation of these
condensates and their functional significance require validation®.

Regulation and synergy of nucleation pathways
How are these microtubule nucleation pathways coordinated in space
and time to give rise to a unified spindle? Centrosomes and chromo-
somes both begin to nucleate microtubules within atightly controlled
time window, between 9 and 13 minutes following nuclear envelope
breakdown in Drosophila spermatocytes”. In larger spindles (such as
those in human cells and Xenopus egg extract), branching microtu-
bule nucleation generates the majority of spindle microtubules® %%,
Inhuman cells, the dominance of the nucleation pathways undergoes
atemporal shift, whereby the rate of centrosomal microtubule nuclea-
tionisinitially higher (directly following nuclear envelope breakdown)
than branching nucleation, which becomes the dominant pathway
later®. A clear hierarchy of microtubule nucleation also exists in acen-
trosomal spindles where acentrosomal poles need to be established
before acting asanucleation centre; thus, microtubule nucleation from
polesisdelayed compared to chromosomal microtubule formation®™*®,
However, exactly when and where individual chromosome-mediated
pathways are activated remains to be defined.

The presence of multiple nucleation pathways may safeguard
spindle assembly by providing redundancy. For example, lack of
centrosomal nucleation can be compensated for by Ran-mediated

microtubule formation and vice versa**’. Similarly, branching micro-
tubule nucleation can be partially compensated for by the centro-
some-mediated pathway in Drosophila®*, and the CPC-mediated and
Ran-mediated microtubule nucleation pathways can compensate
for each other®?’, Despite these redundancies, nucleation pathways
largely actin parallel and may work synergistically to speed up spindle
assembly**”. Interestingly, initial microtubule formation during meio-
sisloccurs at the nuclear envelope during breakdown, suggesting an
additional Ran-independent and centriole-independent mechanism
that contributes microtubules during spindle assembly'*%'%,

While microtubule nucleation pathways are regulated in space
andtime, microtubule nucleators and their activation factors are also
transported throughout the spindle. For example, TPX2, although
released in a RanGTP-dependent manner surrounding chromatin,
is actively and passively transported to poles by motor proteins and
poleward flux, respectively'®?, and thus may distribute branching
microtubule nucleation further away from chromosomes. Similarly,
y-TuRCitselfis, after binding the spindle, also transported to poles by
motor proteins'®*'%*, where it can continue nucleating microtubules.
Thus, microtubule nucleation gives rise to spindle architecture and
transport of nucleating factorsreinforces this architecture by guiding
where microtubule-based nucleation takes place.

Structural modules of the spindle

The complex task of chromosome segregation requires that, once
nucleated, spindle microtubules are organized into structural modules
that fulfil distinct roles such as generating force at kinetochores
(k-fibres), providing structural stability (bridging fibres and other
non-kinetochore microtubules) and positioning the spindle (astral
microtubules) (Fig. 3). Microtubules must also be assembled into abipo-
lar structure with two focused poles to guide chromosome segregation
into two daughter cells.

This modular organization is mediated by a plethora of motor and
non-motor microtubule-associated proteins (MAPs), which bundle,
slide and focus microtubules. Mitotic motors include cytoplasmic
dynein and members of several kinesin families (see table 1 in ref.'®).
Many of these motors bind to microtubules through both a motor
domain and a second microtubule-binding domain, allowing them to
bridge two microtubules and thereby crosslink and slide them in an
ATP-dependent manner. Non-motor MAPs include passive microtu-
bule crosslinkers, which consume no energy but function in an ATP-
independent fashion toregulate bundling, elasticity and friction within
the spindle'*®. Microtubule polymerases and depolymerases also local-
ize to specific structural modules, fine-tuning the dynamics of these
modules as they arise during spindle assembly.

Some structural modules have been reconstituted in vitro, includ-
ing microtubule asters that resemble spindle poles'”’ " and anaphase
midzone-like antiparallel microtubule bundles™ ™. However, other
modules, such as k-fibres and bridging fibres, have not yet been recon-
stituted outside the cell, limiting our understanding of how they form.
In the following sub-sections, we discuss recent work, both in vitro
andincells, thathasimproved our understanding of the ultrastructure,
regulation and function of the structural modules that together
comprise the spindle and of their variation between species.

K-fibres

Microtubules with their plus ends embedded in kinetochores and their
minus ends at or pointing towards spindle poles are known as kine-
tochore microtubules (KMTs). KMTs attached to the same kinetochore
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interact with each other and with non-KMTs in a parallel fashion to form
k-fibres'*. K-fibres generate pulling forces to move chromosomes,
and their attachment to kinetochores satisfies the spindle assembly
checkpoint™, allowing anaphase entry. Much of what we know about
k-fibres comes from mammalian cells, where k-fibres are clearly iden-
tifiable by light and electron microscopy. The number of KMTs in a
k-fibre varies between kinetochores within a celland between species.
For example, k-fibres vary from 4-40 KMTs in human RPE1 and HelLa
cells"* ¥ t025-60 KMTs in Indian muntjac skin fibroblasts'’. KMTs are
tightly bundled near kinetochores and gradually splay out to interact

a K-fibres b Bridging fibres

Kinetochore ﬁ//
TACC3-chTOG-clathrin 4

Microtubule

Chromosome

with other KMTs and non-KMTs towards poles"”"8, Individual KMTs
contactspindle poleseither directly orindirectly throughinteractions
with other pole-bound microtubules™*"",

How plus end polymerization and depolymerization of KMTs are
coordinated within a k-fibre bundle to move chromosomes remains
anopen question. The coordinated regulation of k-fibre plus end and
minus end dynamicsis also poorly understood, and factors that accu-
mulate on KMTs in a length-dependent manner may have important
rolesin this process. For example, the processive motor KIF18A accu-
mulates more strongly at the plus ends of longer KMTs due to the

C Other non-kinetochore microtubules

K-fibre

Centrosome

€ Polefocusing |

Fig.3|Structural modulesin the spindle. Microtubule-associated proteins,
including motors, crosslinkers and regulators of microtubule dynamics,
organize microtubules into distinct structural modules. a, Kinetochore fibres
(k-fibres) are bundles of parallel microtubules with their plus ends bound to
the outer kinetochore protein NDC80. K-fibres are crosslinked by microtubule-
associated proteins, including the kinesin KIF15, the transforming acidic
coiled-coil-containing protein 3 (TACC3)-chTOG-clathrin complex, and
HURP. b, Bridging fibres are bundles of antiparallel microtubules that maintain
tension on k-fibres and align chromosomes. PRC1and the kinesin-5 Eg5 bind and
crosslink antiparallel microtubules, and PRC1 recruits the plus-end-directed
motor MKLP1to bridging fibres. ¢, Other non-kinetochore microtubules play

important mechanical roles in stabilizing the spindle, anchoring k-fibres, and
mediating polar ejection forces via the chromokinesins Kid (KIF22) and KIF4A.
d, Astral microtubules extend from spindle poles towards the cell cortex, where
they interact with the Ga;-~LGN-NuMA complex to position the spindle. Their
lengths and numbers are regulated by the depolymerases MCAK and KIF18B,
thatarerecruited to plus ends by plus-end-tracking protein EB1. e, Pole focusing
is mediated by motors such as dynein that, together with its regulators (NuUMA,
dynactin), dwells at minus ends and carries these minus end cargos towards
neighbouring minus ends. Black arrows indicate directions of motor stepping;
blue arrows labelled ‘F’ indicate direction of force on microtubules.
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higher number of motors that canbind (the ‘antennamodel’ of length
regulation)”®'”, Upon arriving at plus ends, KIF18A suppresses micro-
tubule dynamics'?>'?, serving as a feedback mechanism to maintain
KMT length and promote chromosome alignment. In contrast, the
microtubule stabilizer HURP (also known as DAP5) accumulates near
the plus ends of k-fibres in a manner inversely proportional to their
length through a mechanism that remains unclear*.

KMTs are thought to be the longest-lived microtubules in the
spindle, with a half-life of -7 min (10-20% of mitosis) in mammalian PtK1
cells'”, Their stability stems from the tension they are under following
plus end capture by the kinetochore-localized NDC80 complex'?¢,
and can be regulated by the phosphorylation state of NDC8O0 (ref.'”).
The long lifetime of KMTs has both mechanical and biochemical

Fig. 4 | K-fibre formation mechanisms. a, Kinetochore fibre (k-fibre) formation
canoccur through two pathways, search-and-capture and chromosome-
mediated assembly. In search-and-capture, dynamic centrosome-nucleated
microtubules ‘search’ the surrounding cytoplasm for kinetochores as they
grow and become stabilized upon kinetochore attachment. In chromosome-
mediated assembly, microtubules nucleate viachromosome-mediated and
kinetochore-mediated pathways described in Fig. 2. b, A nascent k-fibre
typically begins to form when akinetochore binds to the lateral surface of a
microtubule. This laterally bound microtubule undergoes reorientation driven
by the plus-end-directed kinesin CENP-E and the microtubule depolymerase
MCAK, resulting in stable attachment of microtubule plus ends to the outer
kinetochore NDC80 complex. The minus ends of these kinetochore-bound
microtubules (KMTs) become bound by the minus-end-binding motor complex
NuMA-dynein-dynactin. This minus-end-directed motor complex transports
KMTs towards spindle poles (arrows). These nascent k-fibres additionally
undergo branching microtubule nucleation, which serves to quickly amplify
KMT numbers. ¢, The mature k-fibre forms both direct and indirect connections
with the spindle poles, whereby KMTs of a single k-fibre that are bundled together
near the kinetochore gradually splay out towards their minus ends to interact
with other microtubules. Ongoing microtubule nucleation, mainly through
branching nucleation, maintains the density of the k-fibre.

implications. Mechanically, k-fibres can propagate and respond to
forces on longer timescales than other microtubule populations in
the spindle. Biochemically, KMTs can recruit distinct, slower-binding
factors compared to other microtubules'?. For accurate chromo-
some segregation, KMTs must be stable enough to preserve correct
attachments between chromosomes and the spindle, and yet dynamic
enough to allow for error correction when attachments are incorrect'®.
Many microtubule crosslinking proteins, such as the TACC3-chTOG-
clathrin complex"¢, HURP?*"*° and KIF15 (ref. '), specifically localize
to k-fibres (Fig. 3a), possibly due to a preference for binding bundled
parallel microtubules. These proteins are thought to reinforce the
bundling of KMTs and maintain k-fibre integrity" and, upon physical
manipulation with amicroneedle (Box 1), k-fibres appear tobehave as
asingle entity',

How k-fibres form varies between species and remains an area
of active research. In centrosome-containing cells, the search-and-
capture model for k-fibre formation posits that dynamic centrosome-
originated pioneer microtubules search the cytoplasm until they
eventually capture kinetochores and become stabilized™* (Fig. 4a).
This process couldindeed be recapitulated viacomputational model-
ling™ considering: (1) RanGTP-dependent microtubule stabilization™;
(2) pre-alignment of kinetochores towards poles throughinitial lateral
microtubule-kinetochore interactions™; and (3) the expansion of the
outer kinetochore during early mitosis™*'*, which increases the surface
area of kinetochores and their probability of capture™>'*’,

Inaddition to this search-and-capture mechanism, and in acentro-
somal systems, k-fibres can originate through chromosome-mediated
microtubule nucleation (Fig. 4a), followed by efficient lateral binding of
these microtubules by kinetochores’*"**! and subsequent conver-
sion of kinetochore-bound microtubules to end-on attachments’®*
(Fig. 4b). The microtubule-binding protein NuMA can then bind the
minus ends of KMTs, recruiting dynein and dynactin'*>. This NuMA-
dynein-dynactin complex walks these minus ends as cargo towards
the minus ends of nearby microtubules and thereby towards spindle
poles™ 788414314 (Fig_4b), Upon formation of an initial KMT, amplifi-
cation mechanisms ensure the establishment of k-fibres rather than
relying on capture of additional KMTs (Fig. 4b). Branching microtubule
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nucleation biases microtubule amplification of the k-fibre towards
kinetochores®*%, Invitro, TPX2 accumulates on more stable, long-lived
microtubule lattice regions’, which could provide a mechanism to
target branching microtubule nucleation to k-fibres. Altogether, the
cooperation of multiple mechanisms ensures the robust and efficient
formation of mature k-fibres (Fig. 4c). After formation, k-fibres are sta-
bilizedin part by bridging fibres, another structural module discussed
inthe next sub-section.

Bridging fibres

Many non-KMTs that cross the metaphase plate are crosslinked in
antiparallel bundles known as bridging fibres"*>'*¢ (Fig. 3b), a struc-
tural module withimportant mechanical functions in the mammalian
spindle. Near chromosomes, these bundles form one-to-one associa-
tions with pairs of sister k-fibres, that is, k-fibres that form on each of
two sister chromatids'”. Electron tomography has revealed that like
k-fibres, bridging fibres splay apart closer to poles and their microtu-
bules intercalate with multiple k-fibres"®. Their minus ends form junc-
tions with KMTs along the length of the k-fibre, although the identities
of the factors mediating these junctions remain unknown. Some of
these junctions are established as close as 2 um from kinetochores in
RPE1 cells"®, suggesting that k-fibre anchorage within the spindle micro-
tubule network differs outside this region. The number of microtubules
within bridging fibres varies between cell types (6 + 1in PtK1 versus
14 + 2 in HeLa cells, ~25% and ~82% of the average number of micro-
tubules ink-fibres, respectively)™*¢. The higher number of bridging fibre
microtubules in HeLa cells may reflect a more important mechanical
role for bridging fibres in more curved spindles.

The crosslinker PRC1, whichis specifically enriched on antiparal-
lel microtubules*7*° has a central role in maintaining and organ-
izing bridging fibres***'*"*!, Optogenetic removal of PRCl1 results in a
~2.5-fold reduction of bridging fibre microtubule density and reduces
the levels of other molecular regulators localized to bridging fibres,
including the plus-end-directed motors KIF4A and MKLP1 (also known
asKIF23)"!. Reduced levels of these factors after PRC1removal have been
proposedtoresultinincreased antiparallel overlap, reduced outward
sliding of the bridging fibre and disrupted chromosome alignment™".

Bridging fibres play animportant mechanical role, acting to sup-
port k-fibre tension and curvature, which are required to maintain
correct kinetochore-microtubule attachments and chromosome
alignment. Optogenetic removal of PRC1 causes spindles to become
more diamond shaped™. Laser severing of k-fibres in HeLa cells close
tothekinetochore (and thus disconnecting the remaining k-fibre stub
from the bridging fibre) has been shown to resultin greater relaxation
betweensister kinetochores, further corroborating the role of bridging
fibresin maintaining tension between kinetochores". Bridging fibres
may also accelerate chromosome biorientation by providing antiparal-
lel microtubules in the middle of the spindle upon which dynein can
transport nascent KMTs towards each pole’. Together, ultrastructural,
optogeneticand biophysical approaches (Box 1) have revealed that the
bridging fibre is akey structural module that aids in the assembly and
mechanical stabilization of k-fibres.

Other non-KMTs

Much of the microtubule density of spindles is composed of non-
KMTs that are not bundled into bridging fibres'*. This microtubule
population plays important roles in stabilizing spindle structure.
The proportion of non-KMTs in the spindle ranges from ~-50% of total
microtubulesin PtK1 cells'?to ~95% in Xenopus laevis extract spindles'

and-86%in HeLa cells”’. These non-KMTs are shorter on average than
KMTs""1*15 and arise mainly viabranching microtubule nucleation®>®°,
Non-KMTs undergo rapid turnover (polymerizing and depolymerizing
within seconds)™®, which may allow spindles to quickly remodel as
chromosomes move during mitosis.

During spindle assembly, non-KMTs aid in chromosome alignment
viainteractions with the chromokinesins Kid (also known as KIF22) and
KIF4A. These plus-end-directed motors bind chromatin and gener-
ate polar ejection forces by walking along non-KMTs, thereby pushing
chromosomes away from poles and towards the spindle equator> "’
(Fig. 3¢). Non-KMTs are densest near poles owing to their continuous
poleward transport'®*, generating higher polar ejection forces there
and thus contributing to a self-organized chromosome-centring
mechanism'°2,

Non-KMTs also interact with k-fibres and bridging fibres"*""%,
mechanically linking the various structural components of the spindle.
As discussed below, these interactions are important to many emer-
gent properties of the spindle such as k-fibre load bearing, poleward
flux and elasticity. In sum, the dense network of non-KMTs helps align
chromosomes and structurally integrate the spindle, making it robust
against mechanical force.

Astral microtubules
Astral microtubules are dynamic, non-bundled microtubules that are
nucleated at the centrosome and extend towards the cell cortex, with
importantrolesin positioning the spindle (Fig. 3d). Their numbers and
lengthare largely controlled by EB1 (also known as MAPRE1), a MAP that
binds growing microtubule plus ends. EB1 recruits the depolymerases
KIF18B and MCAK to mediate continuous astral microtubule prun-
ing'®*'%* required to maintain spindle length as shown by optogenetic
disruption of EB1 (ref. '®). Astral microtubules are molecularly distin-
guished by relatively low levels of tubulin detyrosination, whereas
microtubules pointing towards the metaphase plate are detyrosinated.
Tyrosinated tubulin inhibits the motility of the kinetochore motor
CENP-E, biasing chromosome congression towards the metaphase
plate and preventing chromosome accumulation near the cell cortex'*®.
Therole of astral microtubulesin positioning the spindle has been
summarized in recent reviews'*”'*®, Correctly positioning the spindle is
importantin both symmetric cell divisions, where astral microtubules
enable the spindletorespondto cell shape cues'"”, and in asymmetric
divisions, where daughter cells take on different fates. Throughout
mitosis, astral microtubules are linked to the cell cortex via the evo-
lutionarily conserved ternary complex of Ga,-LGN-NuMA"*", This
complex recruits dynein and dynactin to generate pulling forces that
translate the spindle. Optogenetics (Box 1) has been valuablein study-
ing spindle positioning, revealing that cortical recruitment of NuMA
butnotdyneinitselfis sufficient to orient the spindlein C. elegansand
human HCT116 cells'>"¢, Although astral microtubules are not required
to assemble a bipolar spindle, they fulfil a critical function in linking
the spindle to cues fromits tissue environment.

Spindle poles

Focused spindle polesincorporate microtubules belonging to several
of the classes described above (KMTs, astral microtubules and other
non-KMTs), and we here consider them as anindependent architectural
modaule that serves as aregulatory hub for microtubule nucleation
and dynamics. Although spindle poles contain centrosomes in most
cells, the formation of focused poles inacentrosomal oocytes* * and
somatic cells after centrosome ablation***"771%0 has established that
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centrosomes are not necessary for the formation of focused spindle
poles. Instead, pole focusing is driven by minus-end-directed motors
that are able to dwell at microtubule minus ends and transport these
minus end cargos along neighbouring microtubules — the same
mechanism that forms microtubule asters in vitro'”’.

Dyneinandits cofactors dynactinand NuMA are key playersin pole
focusing (Fig. 3e), and their inhibition leads to unfocused barrel-shaped
or turbulent spindles®1°7108181:184 NyMA localizes to minus ends, where
it recruits dynactin and dynein to walk along neighbouring micro-
tubules, facilitating the end-dwelling behaviour'*. The large and
multifunctional NuMA likely contributes to pole focusing in many
ways:inadditiontolocalizing dynein, itis a putative activating adaptor
of dynein motility”*'*>and may have auxiliary roles in organizing micro-
tubules via passive crosslinking'® and/or phase separating at spindle
poles™'®8 The kinesin-14 family of motors, including Xenopus XCTK2,
DrosophilaNcd and human HSET (also known as KIFC1), also contrib-
utesto pole focusing, although the exact mechanisms by which these
motorsorganize spindle poles remainunclear. The relativeimportance
of dynein and kinesin-14 varies between species, with Ncd playing a
dominantrolein Drosophila®’, whereas HSET depletion has only mild
phenotypesin human mitotic spindles'*'*°,

Functionally, poles and the motors that focus them are impor-
tant in concentrating minus end regulatory factors like y-tubulin.
Asy-tubulin accumulates during pole maturation, it enhances micro-
tubule nucleation and stabilizes the focused pole, even in acentrosomal
spindles that initially lack nucleation at poles®”'®*, Pole focusing also
functions to maintain a steady-state spindle shape, thereby ensuring
that growing and shrinking microtubules are confined to the spindle
region without interacting with organelles or generating cytoplas-
mic flows'®, Interestingly, many plant spindles lack focused poles,
suggesting that other geometric cues like the plant cell preprophase
band (a ring of microtubules below the plasma membrane that
marks the future division plane) can facilitate bipolar divisions while
circumventing the need for pole focusing*.

Spindlebipolarity

The assembly of aspindle with two polesis critical to segregate chromo-
somes into two daughter cells. Monopolar, aster-shaped spindles are
often the result of failed spindle assembly, and multipolar spindles
areassociated with genomicinstability and cancer'”. The bipolar homo-
tetramerickinesin-5motors (EgS (also known asKIF11) in humans) play a
centralroleinestablishing spindle bipolarity inboth acentrosomal and
centrosome-containing spindles>'” due to their ability to crosslink
and slide antiparallel microtubules apart™*'*,

Inprophase, spindle bipolarity is templated by the sliding apart of
duplicated centrosomes to opposite sides of the nucleus. This move-
ment is driven by the pulling forces of dynein attached to the nuclear
envelope'® and by Eg5-mediated antiparallel sliding of centrosomal
microtubules. After nuclear envelope breakdown, microtubules from
opposite centrosomes formadditional antiparallel overlaps on which
Eg5 canlocalize. Nascent k-fibres also promote bipolarity, potentially
duetoanoutward pushing force on centrosomes from k-fibre polym-
erization at kinetochores'”"®, In metaphase, spindles in many mam-
malian cell types remain bipolar even if Eg5 is inhibited due to the
partially redundant activity of the kinesin-12 KIF15 (refs. *?~2°%), which
allows maintenance though notinitial generation of spindle bipolarity.

Branching microtubule nucleation also contributes to spindle
bipolarity. Because new microtubules are formed at shallow branch
angles from pre-existing microtubules®, this pathway both maintains

microtubule polarity and generates closely juxtaposed arrays to
which motors and crosslinkers can rapidly bind. Indeed, augmin
depletion leads to multipolar spindles in both acentrosomal® and
centrosome-containing> spindles. Thus, the cooperation of multiple
motor-based and nucleation pathways between prophase and meta-
phase promotes the robust assembly of a bipolar spindle, setting the
stage for chromosome biorientation and equal segregation into two
daughter cells.

Emergent properties of the spindle

The spindle exhibits many cellular-scale emergent properties that
are qualitatively different from those of its individual components
and enable the spindle to segregate chromosomes accurately. These
include dynamic features such as microtubule flux and continuous self-
repair, mechanical features such as spatially varying viscoelasticity, and
architectural features such as helical twist and the scaling of spindle
size with cell size. While the full complexity of the emergent properties
ofthe spindle cannotyet be reconstituted invitro, recent studies have
begun to elucidate the mechanistic basis for some of these features.

Robustness

The spindleis subject to mechanical and biochemical noise such as vari-
ationsin gene expression and forces from neighbouring cells. However,
evenasingle segregation error can give rise to disease’”. Several failsafe
mechanisms have been identified that allow the spindle to maintain
its architecture and accurate function in the face of such variations.

Redundancy. Redundancy exists in many spindle processes, includ-
ing microtubule nucleation and motor activity. As discussed above,
the spindle robustly generates the microtubule mass required for
bipolarassembly. The Ran pathway can compensate for the absence of
centrosomes**’ and vice versa®. Several motors with partially redun-
dantfunctionalso cooperate to promote correct spindle architecture
(Fig. 5a). KIF15 maintains bipolarity when Eg5 is inhibited in meta-
phase'”***°and, when overexpressed, can fully compensate for loss of
Eg5inbipolar spindle assembly"®"°, Further, kinesin-14 motors focus
polesinamanner partially redundant with dynein, and cells can tolerate
loss of the human kinesin-14 HSET during mitosis'™**?° unless dynein is
simultaneously inhibited?°*?%,

Motor redundancy hasimportantimplications for the therapeutic
targeting of cell division such as in anticancer therapy. For example,
KIF15 is essential for cells to acquire resistance to EgS inhibitors?®°.
Aninteresting case of redundancy involves the opposing motors Eg5
and dynein. Inhibiting either motor alone leads to monopolar or unfo-
cused spindles, respectively, but inhibiting both together results in
bipolar spindles of normal size as the redundant motors discussed
above can compensate for their functions?*>?*2°, However, these Eg5-
inhibited and dynein-inhibited spindles are more mechanically fragile
and more error-prone in chromosome segregation®”, potentially
as a consequence of locally altered microtubule organization*>*,
This indicates that Eg5 and dynein make the spindle more robust to
perturbations although their combined inhibition does not disrupt
overall spindle architecture.

Local k-fibreremodelling to preserve global architecture. Specialized
mechanisms reinforce and repair key spindle connections at both the
plus and minus ends of k-fibres. The NuMA-dynein-dynactin com-
plex acts at minus ends to anchor k-fibres in the spindle. Not only
does this complex transport KMT minus ends poleward during k-fibre
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Fig. 5| Mechanisms underlying spindle robustness: redundancy, anchorage
and dynamics. a, Partial redundancy between motor proteins makes spindle
assembly robust to perturbations and variations in motor activity. KIF15

can compensate for Eg5 inhibition to maintain spindle bipolarity. Similarly,
NuMA-dynein-dynactin complexes have dominant roles in pole focusing

in human spindles but the pole-focusing activity of HSET can compensate

for reduced dynein activity. b, Plus-end-specific and minus-end-specific
mechanisms reinforce key connections between the kinetochore fibre
(k-fibre), pole, and kinetochore and these can be experimentally dissected
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by microneedle manipulation. On short (<20 s) timescales, PRC1-mediated
crosslinking maintains k-fibre orientation, preventing k-fibres from pivoting
around kinetochores. On longer (minutes) timescales, this reinforcement near
kinetochores relaxes, allowing k-fibres to pivot around kinetochores. Plus ends
undergo persistent polymerization while depolymerization at minus ends
ceases, allowing the k-fibre to lengthen in response to external manipulation.
These responses allow the k-fibre to locally dissipate force (F), remodelling at the
individual k-fibre level to preserve global spindle architecture.

formation, as discussed above, but it is also sufficient to re-establish
k-fibre connectionsto the poles after acute perturbations such as laser
severing*'** (Box 1). Recent studies have also identified mechanisms
that anchor the first few microns near k-fibre plus ends within the
spindle microtubule network, protecting kinetochore-microtubule
attachments from acute perturbation’”***?2_ PRC1 has been shown
to provide short-lived reinforcement in this region'***?, presumably by
crosslinking KMTs with nearby antiparallel non-KMTs, thus preventing
microtubule pivoting near kinetochores in response to external force
supplied by a microneedle®” (Fig. 5b). NuMA has also been shown
to support k-fibre anchorage near the plus end®”, an effect that may
reflect crosslinking between KMTs and the minus ends of short micro-
tubules in the centre of the spindle. On the longer (approximately
minutes) timescale, these reinforcements are relaxed®?, allowing

spindle remodelling and chromosome movement (Fig. 5b). Together,
these mechanisms ensure that k-fibres remain robustly attached at
kinetochores and anchored at poles.

Tension regulates microtubule dynamics at both plus and
minus ends, enhancing spindle robustness to mechanical perturbation.
Tensionon microtubules decreases the catastrophe rate and increases
therescue frequency of microtubules at purified yeast kinetochores,
stabilizing kinetochore-microtubule attachments under force?**,
In microneedle manipulation experiments in newt epithelial cells®”,
grasshopper spermatocytes”® and, more recently, mammalian PtK2
cells?”, individual k-fibres elongated under applied force, demonstrat-
ing that similar principles apply to bundled k-fibres composed of many
microtubules. At minus ends, depolymerization is inhibited when
tension is applied to k-fibres either globally via cell compression®®
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Glossary

Barrelling-type instability

A compression-induced deformation
that is symmetric about the axis of
compression such as a compression
that transforms a cylinder into a barrel
shape.

Biomolecular condensates
Micro-scale compartments that lack
surrounding membranes and are
formed through weak multivalent
interactions, concentrating proteins and
nucleic acids.

Biorientation

The state of a chromosome when both
sister kinetochores are attached to
microtubules linked to opposite
spindle poles.

Catastrophe

A parameter of microtubule dynamic
instability that describes the stochastic
switching of a microtubule into a rapidly
shrinking, depolymerizing state.

Chromokinesins

Microtubule plus-end-directed motors
that bind to chromosome arms via
specific DNA-binding motifs.

CLASPs

TOG domain-containing proteins that
recognize microtubule plus ends, where
they suppress catastrophe and promote
rescue.

Elasticity

Ability of a material, by storing energy,
toreturn to its original shape after
being deformed. The stiffness (elastic
modulus) determines the magnitude
of a deformation.

Emergent properties

Properties of an ensemble, produced
by interactions between smaller
components, that the smaller
components in isolation do not exhibit.

Nematic

The liquid crystal phase in which
filaments of mixed polarity are roughly
aligned in parallel.

microtubules and inhibits progression
of the cell cycle from metaphase to
anaphase until sufficient attachments
are made.

Nucleoporin

(Nup). Broadly conserved family of
proteins that comprise the nuclear
pore complex, facilitating molecular
transport between the cytoplasm
and nucleus.

Pericentriolar material
(PCM). The dense, structured protein
matrix, composed mainly of scaffold
proteins and microtubule nucleation
factors, that accumulates around
centrioles to create the centrosome.

Metaphase plate

The plane formed by chromosomes
after alignment at metaphase, located
at the spindle equator.

Polar ejection forces

Forces present during chromosome
congression that push chromosome
arms away from spindle poles.

NDC80 complex

The core outer kinetochore protein
complex that mediates direct binding
to microtubules. The NDC80 complex
consists of four subunits (Hec1/Ndc80,
Nuf2, Spc24 and Spc25) and is present
in multiple copies per kinetochore.

Self-organization

A stable order arising from local
interactions between energy-
consuming parts.

Spindle assembly checkpoint
Signalling mechanism that monitors the
attachment of kinetochores to spindle

Stathmin

A protein that regulates microtubule
dynamics by sequestering tubulin
dimers, which destabilizes microtubules
and inhibits their growth.

Rescue

A parameter of microtubule dynamic
instability that describes the stochastic
switching of a microtubule into a
growing, polymerizing state.

Rheology

The study of the deformation and flow
of materials with both solid and fluid
characteristics.

Viscosity

Internal friction resisting deformation
of a material, stemming from
rearrangement of its components. The
viscous drag coefficient determines
the timescale of a deformation.

or individually via a microneedle?” (Fig. 5b). The molecular mecha-
nisms underlying these responses remain unknown, and they present
an exciting opportunity to identify how the spindle physically and
biochemically remodels under force. Collectively, these mechanisms
allow the spindle to accommodate local deformations while limiting
force propagationin space and time, suggesting a strategy to preserve
global architecture and connectivity.

Microtubule flux

Spindle microtubules continuously treadmill towards poles, under-
going net polymerization at plus ends and depolymerization at
minus ends in a phenomenon known as poleward flux*’. Individual
motor and non-motor MAPs with microtubule transport, polymeriza-
tion or depolymerization activities must be spatially coordinated to
allow spindle microtubules to maintain a steady-state length distribu-
tion while undergoing poleward flux. This is a complex process that
has only recently been reconstituted for single microtubules, but not
yet for bundles, in vitro*.

Eg5was the first driver of flux identified in Xenopus egg extract?,
and Eg5-mediated outward sliding of antiparallel microtubules is
also important for flux in Drosophila®*’. However, Eg5 has a minor
role in mammalian cells as flux is only reduced by around 25% in its

absence””***, Stronger effects on mammalian and Drosophila poleward
flux were found by inhibiting the minus end destabilizing activity of
the kinesin KIF2A (refs. °??’) or kinetochore-localized CLASPs??723°,
ArecentstudyinhumanU20S spindles proposedamodel whereinstead
of being the primary drivers of flux, KIF2A and CLASPs regulate plus
and minus end dynamics in response to a driving force generated by
multiple mitotic kinesins acting in concert***. According to this model,
flux is driven by Eg5 and KIF15 acting in coordination with CENP-E
in prometaphase and KIF4A in metaphase™”***, These antiparallel slid-
ing and chromokinesin motors exert poleward forces on non-KMTs,
which are only partially transmitted to k-fibres through crosslinkers
such as NuMA and HSET***”, explaining why non-KMTs flux faster
than k-fibres'°#***?3!, Reliance on multiple motors would thus explain
the difficulty in finding a principal driver of flux in mammalian cells.
Various functions have been proposed for flux, including main-
taining and/or equalizing tension at kinetochores®”’*”, correcting
erroneous kinetochore-microtubule attachments?**?%, and regulat-
ing spindle length?**. However, these functions remain controversial
despite the high conservation of flux across all metazoan cell types
studied to date. Multiple studies using complementary approaches
have now shown that, in conditions where flux is reduced but spindle
lengthisunchanged, chromosome segregation errors frequently occur
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Fig. 6 | Spindle material properties. a, The responses of the spindle to force are
spatially and temporally heterogeneous. Along the short axis, Xenopus extract
spindles behave elastically on short (<10 s) and long (>100 s) timescales. On
intermediate timescales, corresponding to the time required for chromosome
movement, the short axis of the spindle exhibits more viscous behaviour,
dissipating energy as it deforms. The long axis of the spindle is also mechanically
heterogeneous: it is stiffest near the poles and kinetochores but less stiffin the
middle. The pole region exhibits solid-like behaviour, recovering its shape after

®
Polar and

Nematic

deformation, whereas the middle and equator regions are more fluid-like.

b, Dyneinand its cofactors NuMA and dynactin generate contractile stress in vitro
andinthe spindle, clustering minus ends together. Eg5 mediates extensile stress,
giving rise to nematic motifs of aligned, mixed-polarity microtubules. These
opposing motor activities must be balanced to give rise to a bipolar spindle:

an excess of contractile activity leads to monopolar spindles, and an excess of
extensile sliding produces turbulent microtubule networks.

inanaphase?®?»?”, These studies support the view that poleward flux
isan emergent phenomenonresulting from the coordinated activities
of several motor and non-motor MAPs that is required to maintain
accurate and dynamic kinetochore-microtubule attachments.

Material properties

Although the biophysical properties of microtubules and many indi-
vidual MAPs are well understood in vitro, far less is known about the
material properties of the spindle — its deformation, remodelling and
structural failure under force. The spindle must respond to forces gen-
erated both internally (by motors and dynamic microtubules) and
externally (by cortical motors and by neighbouring cells). Mechanical
forces regulate many aspects of cell division, including chromosome

movement??, spindle positioning®* and error correction at kineto-

chores™***** and understanding each of these processes requires
knowledge of the emergent mechanics of the spindle.

Several elegant studies using concepts of rheology have begun
measuring the material properties of the spindle as a continuum, such
aselasticity and viscosity, that existsin the fully assembled spindle but
notinitscomponent parts. These studies shed light on the heterogene-
ity of the spindle as a material as well as the mechanical principles that
make it well suited to the timescales and force regimes of chromosome
segregation. Experiments using microneedles, force-sensing cantile-
vers and cell confinement have demonstrated thatinvertebrate, mam-
malian and Xenopus egg extract spindles are stiffer in their long axes
compared to their short axes*®****¥, This property may be functionally
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important for chromosome movement: for example, it may permit
efficient longitudinal movements during chromosome congression,
oscillation and segregation, while allowing chromosomes to deform
their surroundings laterally. The dynamic and complex microstruc-
ture of the spindle also mediates distinct responses at different time-
scales of force application. In Xenopus egg extract spindles, the short
axis deforms elastically on short (<10 s) or long (>100 s) timescales
but is more viscous on intermediate timescales®**. On the long axis,
stiffness is highest at the pole and equator but the spindle is softer
between them*” (Fig. 6a). These behaviours allow maximal structural
plasticity on the timescale at which chromosomes move through the
spindle, with minimal deformability near microtubule connections to
chromosomes and poles. Microneedle manipulation of mammalian
PtK2 cells has revealed that similar principles of spatially heterogene-
ous mechanics apply to spindles with prominent k-fibres?*?”, Finally,
recent studies of molecular diffusivity in mammalian spindles*° and
mass density in Xenopus egg extract spindles®" have explored how par-
ticles move between closely packed spindle microtubules, which might
be expected toimpede diffusion. Surprisingly, diffusion and density do
not differ between the spindle and the surrounding cytoplasm;instead,
dynamic microtubules appear to fluidize the spindle region®*°, which
may be importantin enhancing the diffusion of large molecular com-
plexes, such as the CPC or y-TuRC, throughout the spindle. Together,
theserheological studiesillustrate mechanical features of the spindle
across both axes and at different timescales that are optimized for its
role in moving chromosomes.

The molecular components of the spindle constantly dissipate
energy in the form of GTP (microtubule dynamics) and ATP (motor
proteins such as dynein), meaning that, although the spindle reaches a
steady-state structure at metaphase, it does not reach thermodynamic
equilibrium. Accordingly, the full complexity of the spindle cannot be
fully captured by the rheological models described above. Additional

Extrinsic scaling with cell size
L

insight into spindle material properties has been gained from active
matter theories that model non-equilibrium systems. The microtubule
architecture and dynamics of Xenopus egg extract spindles have been
described by active liquid crystal theory, modelling the spindle as a
droplet of microtubules that is shaped by microtubule turnover, mutual
alignment, surface tension and motor-driven active stresses***. In this
model, focused poles arise from a barrelling-type instability resulting
fromdynein activity*”. Active matter theory has alsobeen applied to the
humanspindle, where the cellmembrane provides boundary conditions
absent in the Xenopus egg extract system. In human cells, unchecked
extensile sliding by Eg5results in the bending and buckling of microtu-
bules against the cell cortex, leading to chaotic, turbulent microtubule
networks. This effectis opposed by dynein-mediated contractile stress
that allows the spindle to maintain a steady-state shape'®**** (Fig. 6b).

Despite these quantitative physical measurements and theoreti-
cal models, many open questions remain regarding the molecular
mechanisms that give rise to these material properties. Furthermore,
many of the functionalimplications ascribed to these properties, such
astheirimpacton chromosome motion, remain speculative and require
more direct testing.

Spindle twist
The regulation and function of spindle twist is a new area of research
sparked by arecent report that metaphase human U20S and HeLa
spindles are, on average, slightly left-handed*®. Twist varies between
cell types, with HeLa and U20S spindles showing a stronger left-
handed twist than RPE1 spindles®*>*****¢, and between mitotic stages,
where twist peaks in early anaphase®®. Interestingly, spindles of the
amoeba Naegleria are, on average, right-handed®, suggesting that
theleft-handed bias may not be a highly conserved feature of the spindle.
Many mitotic motors have an off-axis (that is, they do not move
exactly parallel to the microtubule) component in their stepping

Intrinsic maximum spindle size
L
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Fig. 7| Spindle scaling mechanisms. The scale of the spindle is set by extrinsic
and intrinsic mechanisms. a, Extrinsic mechanisms, whereby spindle size scales
with cell size, include the limiting components model. This model posits that
the size of the spindleis limited by the amount of spindle-building components
available. Given that the concentration of the limiting component remains equal
irrespective of cell size, a larger cell would contain more of this component and
be able tobuild alarger spindle than a smaller cell. b, Extrinsic scaling can also
result from changes in the cellular surface area-to-volume ratio. For example,

regulator

this occursifaninhibitor of a negative regulator of spindle size localizes to the
cellmembrane. As aresult, in smaller cells with larger membrane-to-cytoplasm
ratios, the inhibitor becomes sequestered at the membrane and enables the
negative regulator to scale spindle size down. ¢, Intrinsic mechanisms for setting
maximum spindle length have also been proposed. In very large cells such as
early embryonic cells, spindle size can be determined by the scale of agradient
of microtubule nucleation activity such asaRanGTP gradient emanating from
the chromosomes.
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behaviour in vitro, resulting in helical motion around the micro-
tubule track. Plus-end-directed motors studied thus far show a left-
handed bias****° and minus-end-directed motors have aright-handed
bias?*? but how the spindle resists these additive torques to maintain
itsrelatively untwisted global architecture is not known. The individual
inhibition of several motors and MAPs, including Eg5, KIF18A and
augmin, revealed that each contributes, albeit to a small degree, to
left-handed twist**>**¢, Deletion of NuMA results in strong left-handed
twist’®, suggesting that NuMA-dynein motor activity or crosslinking
may beimportant in counteracting left-handed twist.

Although the function, if any, of spindle twist remains unknown,
arecent study proposed that twist allows the spindle to bear mechani-
cal load along the pole-pole axis (for example, forces originating
from neighbouring cells)**¢. Further researchis required to determine
whether maintaining spindle twist within a specific range isimportant
for spindle function.

Spindle size and scaling

Spindle size scales roughly linearly with cell size in all species studied
to date”**, which allows the spindle to properly segregate chromo-
somes between daughter cells despite variation in cell size between
developmental stages, tissues and species. Multiple models, involv-
ing both spindle-extrinsic and spindle-intrinsic mechanisms, have
been proposed to explainspindle size scaling in different contexts. The
limiting component model posits that there is a limiting component,
or components, required for spindle assembly, such as the Xenopus
protein XMAP215 (ref.?*°), and spindles are larger in larger cells owing
to greater amounts of this limiting component, assuming equal con-
centration between cells*’ (Fig. 7a). Evidence for this mechanism was
provided by encapsulating Xenopus egg extract in microfluidic droplets
of defined sizes, where the total amount of cytoplasm could be care-
fully controlled while keeping cytoplasm composition unchanged®*>%.
Cellular surface area-to-volumeratio canalso tune spindle size: as cells
shrinkand the surface area-to-volumeratioincreases at later stages of
X. laevisembryo development, the microtubule destabilizing activity
of KIF2A is enhanced as more of its inhibitor becomes sequestered to
the membrane®® (Fig. 7b). Similarly, studies in Xenopus and zebrafish
suggest that membrane sequestration of a microtubule nucleation
inhibitor may regulate spindle scaling®'. Additionally, differing expres-
sion levels or activities of the MAPs KIF2A (ref. >°?), the microtubule
severing protein katanin®* and TPX2 (refs. **?*%) have been shown to
regulate spindle size in a species-specific manner.

At very large cell diameters (=140 pm), spindle size reaches a
plateau®*»>»82612¢6 revealing a second emergent phenomenon by
which the spindle sets an intrinsic maximum length. This maximum
isset, in part, by the spatial profile of microtubule nucleation activity,
which peaks near chromosomes in large oocytes and large Xenopus
eggextractspindles andis limited by diffusion atincreasing distances
from chromatin?2¢?*’ (Fig. 7c). Microtubule polymerization rates>®,
transport”®?*° and lifetime?*® also contribute to setting the intrinsic size
scale of the spindle. Whether these models can account for the sizes of
spindles with diverse architectures, such as mammalian spindles with
prominent k-fibres, remains to be determined.

Future perspectives

Recent advances from in vitro reconstitution, Xenopus egg extract
spindles and mammalian cells have provided a wealth of new insights
into spindle assembly, allowing us to better link the structural and
biochemical properties of individual molecules to the microtubule

modules they build and the emergent properties they give rise to.
Despite this progress, many open questions remain, and several new
approaches promise to further unravel the mechanisms by which micro-
tubules are nucleated and organized to build the spindle. Advancesin
imagingtechniques, both the tracking of individual molecules as well
asimaging whole spindle volumes at high spatiotemporal resolution,
will enable us toidentify individual events of interest within the dense
spindle network and follow the dynamics of specific spindle substruc-
tures throughout their entire lifetimes. Improved approaches to apply
spatiotemporal perturbations, such as optogenetics, auxin-inducible
degrons and microneedle manipulation, now allow us to acutely modu-
late forces and molecular interactions in a specific region or mitotic
phase (Box1). Finally, new three-dimensional culture models provide
exciting opportunities to understand how the tissue context caninflu-
ence spindle assembly*° and how the spindle is rewired in disease.
These approaches will help close the gap between in vitro and in vivo
studies, reconstituting the spindle from the bottom up and dissecting
its emergent properties from the top down.

Published online: 28 March 2023
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