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The ultimate goal of all signaling pathways in cytokin-
esis is to control the mechanical separation of the
mother cell into two daughter cells. Because of the
intrinsic mechanical nature of cytokinesis, it is essential
to understand fully how cell shapes and the material
properties of the cell are generated, how these shapes
and material properties create force, and how motor
proteins such as myosin-ll modify the system to achieve
successful cytokinesis. In this review (which is part of
the Cytokinesis series), we discuss the relevant physical
properties of cells, how these properties are measured
and the basic models that are used to understand cell
mechanics. Finally, we present our current understand-
ing of how cytokinesis mechanics work.

Introduction

Cytokinesis, the mechanical separation of a mother cell
into two daughter cells, occurs through a series of stereo-
typical shape changes [1]. Initially, in animal cells the
mother cell rounds up and then elongates. The cleavage
furrow constricts until a cylindrical bridge forms in the
middle of the cell. Finally, the bridge thins and severs,
separating the mother cell into two daughter cells.

The regulation of cellular shape plays an important role
in cytokinesis and in several fundamental cellular
processes, including nuclear organization, gene
expression, protein synthesis and cytoskeletal organiz-
ation [2—4]. Because the control of cell shape is demon-
strated exquisitely by a dividing cell, our current
understanding of how the cell drives the shape changes
of cytokinesis is explored here. The mechanical properties
of cells, molecules involved in establishing mechanical
properties, experimental techniques for studying cellular
mechanics, and models relevant for understanding cyto-
kinesis are discussed. Understanding cellular mechanics
provides insight into cytokinesis as well as several other
essential cellular processes.

Relevant mechanical components of dividing cells

The physical properties of cells are generated largely by
the actin cytoskeleton. Physical properties such as force,
viscoelasticity and stretch modulus (see Glossary) are
generated by motor proteins, cytoskeletal polymers and
associated proteins. In fact, many of the proteins involved
in cytokinesis regulate these physical properties. There-
fore, understanding these properties and how they are
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generated and regulated biochemically is necessary to
develop an accurate picture of how cytokinesis works.
The stereotypical shape changes of the dividing cell are
formed, in part, from material properties that generate
passive forces. Passive forces include a Laplace pressure
(P~S/R, where P is pressure, S, is stretch modulus and R
is radius), which favors energetically a minimal surface
area:volume ratio (Figure la). Similar to the surface
tension that maintains the spherical shape of a liquid
droplet and drives the breakup of a cylindrical thread of a
viscoelastic fluid [5,6], the cell contains a cortical actin
layer that generates the majority of the cortical stretch
modulus [7]. The stretch modulus is an energy cost for
deforming the cell that is determined by the in-plane
viscoelasticity of the cortex (Figure 1b). Without the actin
network, the Laplace pressure derived from the

Glossary

Cortical actin layer: The network of actin filaments and associated cross-linking
proteins that are tethered to the plasma membrane.

Bending modulus: A material property that reflects the pressure required to
bend a material.

Elasticity: The proportionality constant that relates deformation to applied
force (Hooke's Law).

Force: The three types of force (F) involved are inertial (massXacceleration),
viscous (viscous dragXvelocity) and elastic (spring constant X displacement).
Inertial forces are negligible at the cellular and molecular levels.

Laplace pressure: The pressure generated at a curved, fluid surface. This is
generated by the surface stretch modulus and the mean curvature of the fluid,
and minimizes the surface area:volume ratio.

Loss (dissipative) modulus: The viscous component of a viscoelastic fluid. It
resists movement and causes a loss (dissipation) of energy.

Passive forces: Material forces that are generated from the stretch modulus and
the geometry (curvature) of the viscoelastic fluid. Passive forces create
pressures (stresses) that can be orders-of-magnitude larger than those
generated by molecular motors.

Phase angle: The relationship between elastic and viscous components of a
viscoelastic material. The phase angle is the delay between stress application
and material deformation. An elastic solid deforms immediately whereas a
viscous fluid deforms after a time delay.

Pressure: Force per unit area.

Storage modulus: The elastic component of a viscoelastic fluid. It resists
movement but stores energy.

Stress: The pressure applied to a material.

Stretch modulus: The stretch modulus is generated by the in-plane (parallel to
the surface) viscoelasticity of the cell.

Viscous drag: The proportionality constant that relates the velocity achieved by
a particle immersed in a viscous fluid to a force acting on the particle.
Viscoelasticity: Materials that have dynamic molecular interactions behave
viscoelastically. The rate of deformation determines how a material behaves;
the material has a high resistance (i.e. elastic) if the material is deformed
rapidly, but low resistance (i.e. viscous) if the rate of deformation is slow. This is
illustrated by the comparison between floating in a swimming pool (slow
deformation) and performing a belly flop into the swimming pool (fast
deformation). The resistance offered on different time-scales by the same
pool of water makes one think again before performing another belly flop. For
more information, see [63,64].
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Figure 1. Mechanical properties of cells. (a) The cortical stretch modulus (S;) and
the geometry (R, radius) of the cell specify a Laplace pressure. (b) 1. Elasticity, which
is depicted as a spring of stiffness k, stores energy when force (F) is applied.
Displacement is x. 2. Viscous drag (y), the fluid resistance to movement, is depicted
as a dashpot and results in a loss of energy (dissipation) when force (F) is applied.
Velocity is v. 3. Viscoelasticity (1), which is depicted as a combination of a spring
and dashpot, forms a time-scale-dependent complex element that consists of an
elastic (storage) modulus, 1/, and a viscous (loss) modulus, p”.

membrane alone is predicted to be around one order-of-
magnitude less than for wild-type cells. Although these
material forces are referred to as passive, they are derived
from cellular proteins. Thus, the cell expends energy
generating these passive material properties. The
amounts of myosin-II that are observed to be sent to the
cleavage furrow cortex agree closely with those predicted
from the stretch modulus, cell geometry and myosin-II
mechanochemistry [8]. Thus, the stretch modulus appears
to be a reasonable predictor of myosin-II flux through the
cleavage furrow cortex.

The viscoelastic character of biological materials
determines how much force is required to deform the
material. Proteins and networks have a stiffness that is
somewhat analogous to a spring. From Hooke’s Law, a
spring’s stiffness (k) determines the amount of force
required to deform it (Figure 1b). Pure actin networks
generate relatively low resistance, but cross-linked actin
networks can generate extremely high resistances [9-12].
Thus, the spring analogy must be modified to include the
dynamic nature of the network (Figure 1b). The viscoe-
lasticity of cross-linked networks is time-scale-dependent
because of the association and dissociation rates of the
cross-linkers. There are numerous types of actin cross-
linkers in the cell cortex, so it is, perhaps, surprising that
removal of any single type of crosslinker has quantifiable
effects on the mechanical properties of the cell. In fact, by
varying the concentration of actin polymers and the ratio
of cross-links:actin, the viscoelasticity of the network can
vary over three orders-of-magnitude in vitro [13]. In vivo,
cortical viscoelasticity varies by over one order-of-magni-
tude, ranging from latrunculin treatment to genetic
manipulation of specific proteins [7]. Thus, in vivo, it
appears that the acceptable dynamic range for viability is
much narrower than that which is possible for the actin
cytoskeletal network in vitro.

Viscosity is the energy cost for the bulk flow of a fluid
(Figure 1b). The cytoplasmic fluid is a viscoelastic network
that is made up of cytoskeletal polymers and organelles.
Thus, the resistance of the cytoplasm to deformation is
dependent on the applied force, particle size and time-
scale [14]. However, for our view of cytokinesis mechanics,
the cytoplasm is simplified to a viscous fluid. The largest
viscosity is most relevant for the shape changes of
cytokinesis because the cell undergoes large-scale changes
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in shape that require movement of all the cytoplasmic
components.

Measuring cortical mechanics

Cellular mechanics have been studied using several
techniques, including micropipette aspiration (MPA),
laser-tracking microrheology (LTM), atomic force
microscopy (AFM), needle poking, laminar flow, magnetic
twisting cytometry and agar overlay [7,14-23]. Because
each method measures different mechanical properties, it
is essential to understand what is being measured to
properly interpret the data. Three techniques (MPA, LTM,
and AFM), which are used currently in cytokinesis
research and which illustrate different mechanical proper-
ties of the cell cortex, are discussed (Figure 2). It should be
pointed out that cell mechanics are particularly sensitive
to actin-filament density as well as crosslinker concen-
tration and kinetics [13]. Furthermore, the networks
might have distinct properties depending on whether the
cortex is either stretched (stretch modulus) or bent
(bending modulus). For Dictyostelium, the published
value for bending energy (B) is 2X 102 nN um [19] and
for stretch modulus is 1.5nNum™! [16,17]. Because
bending energy scales as length 2 and stretch modulus
scales as length ™, the stretch modulus is predicted to
dominate on length scales > ~40 nm [(B/S,)"?]. Therefore,
the stretch modulus is the more important cortical mech-
anical parameter that governs cytokinesis dynamics over
micrometer-scale distances. This might prove to be a general
feature, at least for cell types that do not have cell walls.

MPA

MPA has a long history in the cytokinesis literature and is
one of the first techniques that was used to micromanipu-
late cells, introduce mechanical force and measure
mechanical properties [17,23—-26]. In this assay, a micro-
pipette is placed next to the cell and suction pressure is
applied until a stable, hemispherical cap is formed, which
defines an equilibrium pressure (Figure 2a). At this
equilibrium pressure, the steady-state stretch modulus
of the cell can be calculated [AP=2S.(1/R,—1/R.) where
R, is the radius of the pipette and R, is the radius of the
cell] [15,27]. Because micropipette radii are typically in
the low micrometer range and the cell is deformed over
several micrometers, it is reasonable to assume that MPA
detects relatively large-scale mechanics.

MPA was used in early studies to show that the cortical
stretch modulus of dividing echinoderm eggs varies
spatially [24-26]. In some species of echinoderms, the
stretch modulus of the entire cortex increases before any
furrow formation; however, in all echinoderms, the stretch
modulus of the furrow region rises above the polar cortex
levels, although sometimes only weakly.

AFM

In AFM, a calibrated cantilever tip is used to probe the
surface of a material (Figure 2b). The cantilever position
(height) is controlled precisely by a piezo device and
deflects as it is lowered onto a surface. For soft materials
such as the cell surface, the tip also indents the surface.
Because the cantilever deflection is monitored precisely by
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Figure 2. Techniques used in cytokinesis research. (a) In MPA, a pipette with a diameter of a few micrometers is placed adjacent to a cell and negative pressure (AP) applied to
draw the cell into the pipette. (b) In AFM, a calibrated cantilever probes the surface of a cell. The cantilever deflection is monitored by a laser, which is recorded by a
photodiode detector. (¢) LTM uses a carboxylated polystyrene bead (micrometer diameter) that attaches non-specifically to the cell surface. As the bead undergoes Brownian
motion, its excursion deflects a low-powered laser, which is relayed through a high numerical aperture (NA) condenser and relay lens to a quadrant photodiode detector (with

quadrants a—d) and recorded. [Part (c) adapted, with permission, from Ref. [7]].

a laser and photodiode detector, and the height of the
cantilever is controlled precisely by the piezo device, the
size of the indentation is measured. The bending modulus
of the cell’s surface is calculated from the measured
deflection, cantilever stiffness and contact angle of the tip.

Using AFM in mammalian cells, the bending modulus
of the whole cell cortex is observed to increase about
fourfold before furrowing [21]. The furrow region
increases further just before furrow formation and con-
tinues to rise throughout furrow invagination, achieving
up to 10-fold above the levels of the global polar cortex.
This rise in bending modulus of the cleavage-furrow
region is reminiscent of the rise of stretch modulus that
is observed with MPA [24—-26].

LTM

LTM is just beginning to be incorporated into cytokinesis
studies [7]. The strength of this assay is that it allows
time-resolved mechanical information to be obtained non-
invasively from cells [28-30]. In this assay, a micrometer-
size carboxylated polystyrene bead is allowed to settle on
the surface of a cell to serve as a noninvasive probe of its
mechanical environment (Figure 2¢). Brownian motions of
the bead are tracked using a low-powered laser, which is
deflected by the bead’s excursions and relayed to a
quadrant photodiode detector. A bead in a softer environ-
ment moves more compared with a bead in a stiffer
environment. From the bead’s movement, the viscoelastic
moduli (n=p'+ip”, where ' is the storage modulus and p”
is the loss modulus) and the mechanical phase angle
[d=tan~ (u"/y/)] are extracted. The phase angle
reflects the liquid-like to solid-like nature of the material.
For a pure liquid, the phase angle is 90°, and for a pure
elastic solid, the phase angle is 0°. Because the beads are
small, they probe local mechanics and because x- and
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y- excursions are monitored, the in-plane cortical visco-
elasticity of the cortex is measured. By LTM, actin-cross-
linking proteins such as dynacortin and cortexillin, which
control the dynamics of cytokinesis, have significant
effects on the stretch modulus [7].

Models of cellular mechanics
To understand cell shape, it is necessary to understand the
mechanics of cells. Three broad classes of models, includ-
ing tensegrity, the cytoskeleton as a soft glassy material
and the cortical shell-liquid core model, have emerged to
assist in understanding cell mechanics. The tensegrity
hypothesis proposes that a balance of compression,
tension and adhesion elements govern cellular mechanics
[31,32]. Typically, actin filaments and intermediate fila-
ments are considered to be under tension whereas
microtubules are under compression. The cytoskeleton
has been described as behaving as a soft glassy material,
existing close to a glass transition between more rigid and
more flexible states [33,34]. Soft glassy behavior is
characterized by viscoelasticity that relates to frequency
(reciprocal of time), according to a power law. This power-
law behavior may arise from having sufficient different
actin crosslinkers that are characterized by distinct
structural and kinetic properties so that on any time-
scale there is a characteristic relaxation time. Whereas
tensegrity and soft glassy behavior might, ultimately,
need to be considered, the cortical shell-liquid core model
has been developed to incorporate many of the relevant
physical and molecular parameters for cytokinesis [8,15].
The cortical shell-liquid core model is a continuum
model, which simplifies the cell as a cortical shell that is
composed of membrane, actin cytoskeleton and associated
cross-linking proteins, and a liquid core that consists of
viscous cytoplasm [15]. The continuum assumption is
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Figure 3. Models of cytokinesis. (a) The cortical shell-liquid core model simplifies
the mechanics of the cell into a viscoelastic cortex (modeled as a spring and
dashpot) that surrounds a viscous core (modeled as a dashpot). S; denotes the
stretch modulus from the in-plane elasticity of the cortex. (b) In the polar-relaxation
model, the poles of the cell relax and their expansion drives furrow ingression. The
equatorial-stimulation model attributes the principal force for cell cleavage to
contraction of the equator. (c) During cytokinesis, cells undergo three, distinct,
mechanical phases caused by the geometric and mechanical requirements of the
process. Phase 1 is marked by the change from spherical to cylindrical shape and
recruitment of myosin-Il to the cleavage furrow. Myosin-Il recruitment peaks at the
phase 1-2 transition. In phase 2, the cell approaches a new equilibrium of two
daughter cells. During this phase, a cylindrical bridge forms, a hallmark of which is
D,, the point at which the furrow width and length dimensions are equal. Phase 3 is
distinguished by a thin bridge that connects the future daughter cells.

invoked because the cell is much larger than its individual
components, thus, the material properties of the cell arise
from the composite behavior of all of its molecules.
Therefore, the cell is simplified to a viscoelastic cyto-
skeletal shell surrounding a viscous core (Figure 3a).
The cortical shell-liquid core model is a reasonable
approximation for cell types such as Dictyostelium. In
Dictyostelium, proteins involved in cytokinesis, including
the small GTPase RacE, myosin-II, and actin crosslinkers
dynacortin and cortexillin, are enriched in the cortex
[8,35—-38]. Perturbation of several of these proteins leads
to changes in the observed stretch modulus as measured
by LTM and MPA [7,17] (Table 1). However, the cortical
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shell-liquid core model has limitations. For example,
Dictyostelium strains that are deficient in myosin-II do not
divide in suspension but complete the process successfully
on adherent surfaces. Although this indicates a role for
adhesive forces during cytokinesis [39], the cortical
shell-liquid core model does not readily account for
adhesive forces. MPA experiments also show that the
cortical shell-liquid core model does not extend to
chondrocytes and endothelial cells, which behave more
like solid materials [27].

Mechanics of cell division

Cell division is mechanical at almost every level. The
mitotic spindle has been studied extensively for its role
and the mechanism involved in driving mechanical
separation of the chromosomes. Surprisingly, contraction
of myosin-II in the cell cortex appears to provide
additional force for centrosome separation [40]. Thus,
cortical mechanics are crucial for chromosome separation,
a process thought previously to involve the mitotic spindle
exclusively [41].

Two classical models for cytokinesis mechanics are
polar relaxation and equatorial stimulation [42—45]
(Figure 3b). In the polar relaxation model, the poles of
the dividing cell relax (expand), which allows ingression of
the cleavage furrow. In vertebrate and Dictyostelium cells,
Arp2/3-directed assembly of actin filaments in the polar
cortex might provide a mechanism that generates force for
cortex expansion [46—48]. By contrast, the equatorial-
stimulation model suggests that the force required for cell
division is generated from recruitment of myosin-II
ATPase to the cleavage furrow. Indeed, the cleavage-
furrow cortex has been shown to generate forces using
glass needles and deformable substrates [49,50]. However,
the genetic evidence for two pathways, global versus
equatorial, indicates that these two models are extreme
ends of a continuum [37]. This is supported further by
studies using pharmacological inhibitors of actin such as
cytochalasin D, a drug that destabilizes actin filaments. In
sand dollar eggs, furrow ingression is stalled by appli-
cation of cytochalasin D to the cleavage furrow, but
application to the poles does not interfere with furrowing
[61]. By contrast, application of cytochalasin D to the
equator of dividing rat kidney cells accelerates division
whereas application near the poles causes inhibition [52].
Thus, a model that includes both global and equatorial
cortices that control a force-balance that governs cytokin-
esis dynamics is preferable. Furthermore, each side of this
force-balance is established by a unique genetic program
made up of distinct proteins (Table 1). In all models,
asymmetry of force generation in the cell cortex is required
to break the symmetry of the cell.

The shape changes of cytokinesis begin early, before
anaphase. The transition from interphase to mitosis is
marked by the rounding of the cell into a spherical shape
as protrusive activities such as pseudopodia and lamelli-
podia are turned off. The Laplace pressure might drive the
initial rounding of the cell in preparation for the changes
in cell shape that follow. In cell types where early
increases in stretch modulus have been observed, this
would further facilitate rounding; however, the increase in
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Table 1. Proteins involved in cytokinesis mechanics

Protein Biochemical function Presumed role in cytokinesis % wild type mechanics?® Refs
Equatorial
Myosin-II Mechanochemistry Drive equatorial constriction 70% (bending modulus, GNP), 30% (stretch [16,20]
modulus, MPA)
Cortexillin |, Actin crosslinking Focus contractile ring 70% (stretch modulus, LF, LTM), 20% (bending [7,19]
modulus, LF)
Cortexillin Il Actin crosslinking Focus contractile ring 100% (stretch modulus, LF), 40% (bending
modulus, LF)
Cofilin Actin-filament severing Disassemble contractile ring Not measured [56]
Global
Actin Cytoskeletal polymer Provide network and track 10% (stretch modulus, LTM) [7]
RacE Rac small GTPase Regulate global mechanics 20% (stretch modulus, MPA) [17]
Dynacortin Actin crosslinking Global mechanics 50% (stretch modulus, LTM) [7]

2Mutants or latrunculin (for actin) treatment compared to wild-type, untreated control.

PAbbreviations: GN, glass needle; LF, laminar flow.

stiffness is apparently not (and is not predicted to be) an
essential part of rounding [25]. Mobilization of cyto-
skeletal elements is expected to help facilitate this
rounding and there are changes in cortical distribution
of myosin-II during this phase [8]. Furthermore, inhi-
bition of the Rho small GTPase disrupts these early stages
of cytokinesis [53].

The spherical geometry of the rounded mother cell and
the two daughter cells can be viewed as mechanical
equilibrium states (Figure 3c). Thus, to pass through the
shape changes of cytokinesis, the cell must move away
from equilibrium before returning to equilibrium [8,54].
To move away from an equilibrium position requires work,
and force production from either myosin-II or cell crawling
drives this movement. One mechanical transition appears
to occur when the cell becomes either oblong or cylindrical.
From a simple theoretical analysis of the predicted force
requirements, the maximum amount of force required
correlates with the cylindrical shape [8,54]. Consistently,
this cylindrical shape is the stage in which the maximum
amount of myosin-II accumulates at the cleavage furrow
in Dictyostelium. After the cylindrical-shape stage, the
concentration of myosin-II in the cleavage furrow
increases whereas the total amount of myosin-II in the
cleavage furrow decreases. This occurs because the
volume of the contractile ring decreases as furrowing
progresses. The elongation from a sphere to a cylinder
appears to be the phase when myosin-II is required in non-
adherent Dictyostelium cells because myosin-II mutants
fail to elongate during cytokinesis in suspension culture
[39,55]. Thus, the adhesive forces that facilitate division in
myosin-II-null cells must drive elongation to a cylindrical
shape. We define this phase of the movement away from
equilibrium as phase 1 and the cylindrical shape when the
maximum amount of myosin-II accumulates as the phase
1-2 transition.

Phase 2 is the return to equilibrium as the cleavage
furrow continues to constrict. During phase 2, a cylind-
rical bridge forms. The relative radius of the two emerging
daughter cells is much larger than the radius of the
cylinder, thus, the stretch modulus is predicted to
energetically favor cylinder thinning because of differ-
ences in Laplace pressure between the bridge and the
daughter cells [5,6] (Zhang, W.W. and Robinson, D.N.
unpublished). In myosin-II-null cells, traction forces do
not appear to be an essential part of furrowing during
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phase 2. If myosin-II-null cells simply crawl apart, then
volume conservation requires that, for every 10-fold-
decrease in furrow diameter, the furrow should lengthen
100-fold. In fact, myosin-II-mutant cells only increase
their pole-to-pole distance by a small percentage during
this phase. Thus, a different contractile-force generator
must drive furrowing during this phase and the Laplace
pressure difference is a good candidate. The traction forces
might create the necessary geometry that favors a Laplace
pressure that drives the remainder of furrow thinning.
This Laplace pressure difference might be even stronger
than predicted from a uniform stretch modulus if the
stretch modulus of the furrow cortex is greater than the
stretch modulus of the global cortex (as indicated by data
from MPA and, possibly, AFM) [21,24-26].

Another indication of the relationship between cell
mechanics and cytokinesis morphology is Dy, the point at
which the cylinder length equals the cylinder width
(Figure 3c). There is a linear relationship between D,
and the stretch modulus ofa cell [7]. If D, represents either a
mechanical balance or transition point, then a larger
restoring force provided by a stiffer global stretch modulus
might resist the contractile ring, yielding a larger Ds.

A thin cylindrical bridge might persist in a dividing cell
before being severed. In Dictyostelium, the width of the
cylinder might stay at <1 um for minutes before severing
(EMR and DNR, unpublished). The thin cylindrical bridge
still contains nominal amounts of actin, myosin and cross-
linkers, and the time to furrow break-up is likely to be
determined by disassembly of the actin network. The over-
accumulation of actin observed in cleavage furrows of
Drosophila twinstar (cofilin) mutants indicates that
cofilin, a filamentous actin-severing protein, is required
to disassemble the actin [56]. Many cytokinesis mutants
from several organisms fail in this final stage of cytokin-
esis, which indicates that the dynamics of furrow break-up
are crucial [57-61].

To summarize, cytokinesis includes three mechanical
transitions (Figure 3c). The first mechanical transition
(phase 1-2 transition) occurs when the cell is cylindrical
and the maximum amount of myosin-II has accumulated
in the cleavage furrow. The second mechanical transition
appears to occur when D, is achieved, and the third
transition occurs when the thinned bridge has formed,
which can dwell awaiting final separation [7,8,62]. This
scheme allows cytokinesis mutants to be evaluated based
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on which mechanical phase they arrest in (before phase 1;
later, during phase 2; and near the end, before final
separation of the bridge) and then related to the
mechanical regime of each phase.

Concluding remarks

Cytokinesis is characterized by an elegant series of shape
changes that are relatively simple geometrically. The
different phases of these shape changes make it possible to
consider different force-generating mechanisms and how
cytoskeletal remodeling dictates these shape changes.
However, to appreciate fully how proteins control shape
changes of cytokinesis, the activities of each protein must
be linked quantitatively to the mechanical aspects of
cytokinesis. At some level, the final interpretations are
connected to the model of cell mechanics that is used.
Different mechanical models are better at explaining some
aspects of cellular behavior than others, and none might
be appropriate for every step of cytokinesis.

To understand fully how cytokinesis works, creative
genetic studies coupled with quantitative dynamics
analyses are required to determine how each protein
contributes to furrow ingression. When deleted, many
genes are likely to have a significant impact on the
dynamics of cytokinesis without producing gross pheno-
types. This paradox occurs because multiple force-gener-
ating mechanisms have evolved, undoubtedly for error
resilience and feedback control, and to ensure that the cell
can complete cytokinesis in a variety of mechanical
environments. Furthermore, the material properties of
the cell must also be understood because this provides the
resistance to deformation during phase 1 and promotes
the material forces during phase 2 of cytokinesis.
However, it is not enough to understand the material
properties of wild-type cells because removal of many
cytokinesis proteins changes the material properties of the
cell and, thus, the mechanical requirements of the mutant
when it undergoes cytokinesis. Therefore, persistent
integration of genetic, biochemical, biophysical and com-
putational studies of wild-type and mutant cells are
required for a sophisticated understanding of this import-
ant cell-shape change.
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