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During cell division, the mitotic spindle, a macromolecular structure primarily comprised of microtubules, drives
chromosome alignment and partitioning between daughter cells. Mitotic spindles can sense cellular dimensions in order to
adapt their length and mass to cell size.
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| 1. Mitotic Spindle Assembly

The mitotic spindle is a bipolar structure mainly composed of microtubules that assembles around chromosomes and
orchestrates their equal partitioning between daughter cells (Figure 1). The poles of the mitotic spindle are most of the
time organized around two microtubule-organizing centers (MTOCS): the centrosomes in most animal cells and the
spindle pole bodies in yeast. At mitotic entry, the interphasic microtubule network is depolymerized and microtubule
turnover increases 2, During mitosis, microtubules nucleated at centrosomes B4l form two aster-like structures from
which emanate astral microtubules directed toward the cell cortex. The two centrosomes are positioned around the
rupturing nucleus by a microtubule-dependent process [2l. Concomitantly, a population of microtubules, hereafter termed
spindle microtubules, contact and align chromosomes at the metaphase plate. Mitotic spindle assembly largely relies on
the ability of microtubules to continuously and stochastically oscillate between phases of polymerization and
depolymerization, a process called dynamic instability €. The size of the mitotic spindle is directly linked to the properties
and the size of each of its individual components, including microtubules, centrosomes and chromosomes (reviewed in
). Analyzing how the size and assembly timing of these components is controlled during cell division is thus key to
understanding the principles of spatial and temporal scaling of the spindle.
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Figure 1. Mitotic spindle components that scale with cell size. At nuclear envelope breakdown, (NEBD, upper panel),
chromosome dimensions B8 and the size of the nucleus scale with cell size LRI3[4 |n metaphase (middle panel),
the dimensions of the metaphase plate adapt to cellular dimensions 12EIL6] Centrosome size and a TPXL-1"7%2 gradient
scale with cell size LAR8 The microtubule number, through autocatalytic amplification, scales with the surface area-to-
volume ratio to set spindle mass 2. Spindle microtubule length scales with cell size and is adapted to spindle length 29,



This is achieved by changes in catastrophe frequency 21 and by the scaling of microtubule growth velocity 22128, During
anaphase (bottom panel), the speed and extent of spindle elongation both scale with cell dimensions [2311241[25]

2. Mechanisms Ensuring Spatial and Temporal Scaling of the Mitotic
Spindle

2.1. Microtubule Motors Enable Scaling of Spindle Elongation Rate and Duration during Anaphase

Self-organization of the mitotic spindle is driven by molecular motors that bind and slide along microtubule tracks [28127]
(28] Although microtubule motors can impact mitotic spindle length, their role in spindle length scaling during metaphase
has not been reported, and several studies support the idea that molecular motors sliding activity primarily influences
spindle shape and organization rather than length [ZBABUB2ES] This js likely due to the high microtubule turnover in
metaphase. During this stage, newly formed microtubules disassemble before associated motors can “sense” their length
or the cell volume B4B8l puring anaphase, however, the microtubule turnover is reduced down to dynamics that become
compatible with motor-dependent microtubule-length-sensing mechanisms B8B7. |n Schizosaccharomyces pombe, for
example, the velocity of spindle elongation during anaphase is proportional to the amount of kinesin-6 Klp9, which
increases with cell size 24l This velocity indeed depends on the number of KIp9 motors bound to midzone microtubules,
which is itself directly proportional to the amount of available motors and to the density and length of midzone
microtubules. In a feedback mechanism, KIp9 also acts on midzone microtubule length by tuning their growth speed 22,
This makes the duration of spindle elongation and of mitosis constant in this system, and importantly, independent of
initial spindle length. Therefore, KIp9 coordinates midzone microtubule sliding and elongation in a cell size-dependent
manner, which ensures flawless anaphase midzone elongation with a constant duration. Whether a similar motor-
dependent midzone elongation scaling mechanism exists in embryos remains to be explored. In C. elegans embryos, the
amplitude and rate of spindle elongation during anaphase scale linearly with spindle and cell size 3. This allows the
extent of chromosome separation to be proportional to cell size, which is essential for efficient karyo- and cytokinesis.
During C. elegans embryonic cleavages, the durations of mitosis and of mitotic spindle assembly are short and constant
[2238139]  Thys, it is likely that the duration of anaphase is also constant throughout early embryonic divisions in this
system. The scaling of spindle elongation rate in C. elegans embryos could, as in S. pombe mitosis, contribute to the
temporal control of anaphase by maintaining anaphase duration independently of cell size. However, in contrast to S.
pombe, anaphase spindle elongation in C. elegans does not primarily rely on midzone microtubule sliding, but rather on
cortical pulling forces that are generated on astral microtubules by cortically-anchored dynein motors BQMAL42][43][44] The
amplitude of these pulling forces is proportional to the number of active force generators at the cell cortex, and to the
number of astral microtubules contacting the cortex and/or to the surface area contacted by astral microtubules [4Q[431(45]
(48] Conservation of this mechanism outside of C. elegans and nematodes remains to be tested, especially since, in larger
embryos, astral microtubules do not necessarily reach the cortex 4. Alternatively, pulling forces can also be exerted
within the cytoplasm without any contact between microtubules and the cell cortex [28I49ISABLGZIS3] Recent in vitro
assays reconstituting bulk microtubule motility have demonstrated that cytoplasmic pulling can indeed generate forces,
and that the force and velocity of the movement are directly impacted by microtubule length B4l In either scenario
(cytoplasmic versus cortical pulling), the force amplitude depends on the microtubule length BIEEIY and thus on
microtubule dynamics [22/E]8](59]

2.2. Microtubule Dynamics Control Spindle Scaling in Space and in Time

Microtubule dynamics are generally characterized by four parameters: growth and shrinkage velocities and the
frequencies of the transition between phases of growth and shrinkage, called catastrophe and rescue, respectively. These
four dynamics parameters are sufficient to describe the behavior of a microtubule population in a given context 269,
During the cell cycle, microtubule dynamics change B8IB7IE jn response to kinase activity 562, |n mitosis, microtubules
emanate primarily from the two centrosomes and their dynamic properties change dramatically when compared to in
interphase [B8l62 This drastic switch in microtubule dynamics sets an optimal average microtubule length around
centrosomes, allowing for rapid and efficient chromosome capture B2, In this high dynamics regime, called “bounded
regime”, microtubule length is limited by intrinsic dynamic properties and is particularly sensitive to changes in microtubule
growth velocity 2. Therefore, modulation of microtubule dynamic properties, and thus of microtubule length, represents
an efficient mechanism for controlling spindle length and the duration of assembly [221311[63],

2.2.1. Catastrophe

One of the remarkable changes in microtubule dynamics at mitotic entry is the increase in catastrophe frequency 8159
(611 This reduction in microtubule lifetime affects microtubule length B2, and, based on in silico models, can also modulate
the time of chromosome capture 823!, Thus, scaling of catastrophe frequency with cell size could represent an efficient way



of controlling both size and assembly duration of the mitotic spindle. In agreement with this view, an increase in
microtubule catastrophe frequency between Xenopus extracts prepared from stage three (four cells) and stage eight
(blastula, ~4000 cells) embryos [2] was hypothesized to account for spindle length scaling in cleaving Xenopus embryos.
The molecular mechanism proposed to control catastrophe involves a surface-area-sensing mechanism. The increase in
the surface area-to-volume ratio, as cell size decreases during successive cleavages, would lead to progressive cortical
sequestration of the transport factor Importin-a, through its ability to be anchored to plasma membranes. Cytosolic
Importin-a can sequester and inhibit the microtubule-depolymerizing kinesin and catastrophe-inducing factor kif2a.
Therefore, its progressive cortical sequestration, as cells get smaller, would in turn allow the release of kif2a into the
cytosol and thus the progressive increase in the catastrophe rate (2164l This potential mechanism for spindle length
scaling does not, however, seem to be conserved among vertebrates, and, in particular, not in zebrafish embryos or in
encapsulated Xenopus egg extracts, where the microtubule lifetime does not vary significantly across cleavage 12,
Furthermore, alternative explanations should be considered when analyzing this result. First, caution is required when
comparing extracts made from such distant stage embryos. In very large cells, mitotic spindles reach an upper-limit above
which spindle length remains almost constant (Figure 2). This is the case for X. laevis mitotic spindle length, which is
uncoupled from blastomere size during the first four embryonic divisions 2, Then, below a given cell diameter of around
140 pm, a feature that seems astonishingly conserved across evolution E8 mitotic spindle length starts scaling linearly
with cell size. This feature of spindle length scaling gave rise to the definition of two distinct regimes: the large-cell regime
in which mitotic spindle length reaches a plateau and is uncoupled form cell size, and the small-cell regime of linear
spindle length scaling €887, Stage three and stage eight Xenopus embryos correspond respectively to the large- and
small-cell regimes. Thus, whether the change in catastrophe frequency observed between these two stage extracts
underlines mitotic spindle length scaling, or rather represents a feature of the transition point between the large- and the
small-cell regimes (Figure 2), remains to be determined. Second, astral and spindle microtubule dynamic properties are
distinct and vary independently across embryo cleavage 2237, |n C. elegans embryos, astral, but not spindle, microtubule
catastrophe frequency increases as cells get smaller 22, The increase in catastrophe frequency between stage three and
stage eight Xenopus egg extracts was not measured in spindles per se, but in microtubule asters nucleated from purified
human centrosomes introduced in these extracts. Therefore, and potentially in line with the C. elegans in vivo
measurements, this experimental context could highlight the behavior of astral, rather than spindle, microtubules. In this
later scenario, the variation of catastrophe frequency measured in stage three and stage eight Xenopus embryo extracts
is unlikely to affect spindle length. Indeed, a combination of experimental in vivo data in C. elegans and of an in silico
model provided evidence that mitotic spindle length scaling is independent of astral microtubule dynamics 2281, Finally,
an in silico model of spindle assembly 22 predicted that spindle length scaling can be recapitulated by progressively
increasing catastrophe frequency, but this was accompanied by a proportional lengthening of the duration of spindle
assembly as cells get smaller (22 and our unpublished data). This result is inconsistent with the observation that mitosis
duration is constant across cleavage in different species embryos. Therefore, the potential link between catastrophe
frequency, mitotic spindle length scaling and assembly duration in cleaving embryos requires further investigation to
specifically address its role in embryos of various size, and in both the large- and small-cell regimes.
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Figure 2. Mechanisms of spatial and temporal control of spindle assembly and scaling. (A) In large embryos, spindle size
reaches an upper limit and does not scale with cell size B8I63] As cell size decreases, spindle size adapts to cell
dimensions through the regulation of microtubule nucleation 2. This mechanism might allow cells to maintain the
duration of spindle assembly constant. In small cells, microtubule dynamics and especially growth velocity scales with cell
size and regulates microtubule and spindle length 2219 |n C. elegans, this mechanism allows for the duration of spindle
assembly to be constant and independent of cell size 22, (B) Potential regulation of distinct microtubule parameters with
cell size. The variation in catastrophe frequency (fcat) is based on observations made in Xenopus stage 3 and stage 8
embryo extracts, representing large- and small-cell regimes, respectively 2. Microtubule nucleation scales over a wide



range of sizes 19, In small cells, microtubule growth velocity (Vg) scales with cell size and becomes constant in larger
cells [22I19],

2.2.2. Growth Rate

Another microtubule dynamics parameter that can have a profound impact on spindle length in Xenopus egg extracts is
the microtubule growth rate. Indeed, progressively raising microtubule growth velocity by adding increasing amounts of
the microtubule polymerase XMAP215 in extracts leads to a proportional increase in mitotic spindle length 29, Similar
results are obtained after microinjection of XMAP215 in Xenopus eggs, suggesting that microtubule growth velocity could
also regulate spindle length and spindle size scaling in vivo 8. Although XMAP215 could also act on microtubule
nucleation in these experiments (discussed below), modulation of the microtubule growth rate is thus a potential candidate
mechanism for the regulation of microtubule and spindle length EAZAUIZ2AIZS4] |5 agreement with this, in the
nematode C. elegans and in the sea urchin Paracentrotus lividus microtubule growth rate scales with cell volume during
the first rounds of embryonic cleavages [22. In C. elegans, this correlation between the microtubule growth velocity and
cell size does not only promote the length regulation of microtubules and mitotic spindles, it also allows for the duration of
mitotic spindle assembly to remain constant and independent of cell and spindle size during cleavage. With mitotic spindle
assembly duration being constant in this system, in large blastomeres the spindle assembly rate is higher than in smaller
blastomeres, and linearly correlates with the average growth velocity of microtubules 22, Thus, scaling of the microtubule
growth rate with cell volume in embryos appears to be an efficient mechanism for coordinating spatial and temporal
scaling of the mitotic spindle during embryonic cleavages. The mechanism by which microtubules can sense cellular
volume and modulate their assembly rate accordingly is still unknown, but the limiting component model seems
particularly suited Z3IZ8IZ7] According to this model, the progressive titration of positive regulators of microtubule
assembly by the number of growing microtubule plus-ends could drive the proportional relationship between cell volume,
microtubule growth rate and spindle length 22681,
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