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Cytokinesis shape change occurs through the interfacing
of three modules, cell mechanics, myosin II-mediated
contractile stress generation and sensing, and a control
system of regulatory proteins, which together ensure flexi-
bility and robustness. This integrated system then defines
the stereotypical shape changes of successful cytokinesis,
which occurs under a diversity of mechanical contexts
and environmental conditions. © 2012 Wiley Periodicals, Inc
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Introduction

ytokinesis has been appreciated as being a complex

mechanical process ever since the early days of Ray
Rappaport’s research into cytokinesis mechanisms [Rappa-
port, 1996]. Rappaport’s interest in cytokinesis mechanics
was shared by several of his contemporaries, such as Hira-
moto [Hiramoto, 1956, 1963, 1990], Mitchison and
Swann [Mitchison and Swann, 1955], and Wolpert [Wol-
pert, 1966]. Their early experiments focused heavily on
defining the changes in the cortex which were associated
with furrow formation and ingression [Rappaport, 1964;
Rappaport, 1965; Rappaport and Ebstein, 1965]. These
studies drew upon several state of the art methods of the
day including reshaping the cells mechanically, micropip-
ette aspiration, compression between plates, and force
measurement by observing the bending of glass needles.
Many of these methods appeared to go out of fashion
only to return in more recent years as very effective tech-
niques to assess these cortical changes and monitor cortical
mechanics, especially when combined with modern
imaging methods. Of the many classical experiments that
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Rappaport performed, a particularly elegant example was
his direct measurement of the amount of force that the
cleavage furrows of echinoderm eggs could generate dur-
ing furrow ingression. To make these measurements, Rap-
paport inserted two glass needles into the dividing egg,
one of which held the cell in place and allowed the sec-
ond, softer needle to deflect in response to applied forces.
Then, by examining the bending of the needle, Rappaport
determined the amount of force (~20-30 nN) that the
cleavage furrow could generate [Rappaport, 1967]. Rappa-
port pointed out that these measured forces only revealed
what the furrow was capable of generating and that the
system was likely to be highly dynamic, adjusting its force
generation as needed. Indeed, dynamic adjustment of the
cellular force balance has proven to be a key feature by
which the cell ensures cytokinesis fidelity. In this review,
we will present our current thinking on the mechanics of
cytokinesis and how the contractility machinery is regu-
lated, not only through forward biochemical pathways but
also through mechanical feedback loops to ensure that the
cleavage furrow generates just the right amount of force to
drive cytokinesis shape change, ensuring successful cell di-
vision. We will focus much of our discussion on studies
from Dictyostelium discoideum, a model organism which
provides experimenters with ready access to a broad array
of genetic, mechanical, and chemical tools to facilitate the
study of metazoan-type cytokinesis. However, we will
point out parallels from other systems where similar or
related measurements have been made.

Dissecting cortical changes during cytokinesis reveals
three major modules whose mechanical features comple-
ment each other in order to ensure robust progression
through cytokinesis. The first module is the cortical mesh-
work of crosslinked actin, which defines local mechanics
and the energy cost for deformation. The second module
is myosin II, which can be distributed around the cell to
generate stress and alter local viscoelasticity, and which is
itself mechanoresponsive, accumulating to sites of stress.
Finally, a control system of regulatory proteins feeds into
the other two modules, tuning their outputs to drive cell
rounding, position the equator, and then generate and
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sustain cleavage furrow ingression in a highly stereotypical
manner.

First Module: The Cell Cortex,
a Dynamic Crosslinked Network
of Actin Filaments

The main goal of cytokinesis is for the cell to remodel its
shape untl a major topological change occurs in which a
mother cell splits into two daughters. The majority of this
remodeling occurs at the cell cortex, the cell's “skin,”
which consists of the plasma membrane and the underly-
ing cytoskeletal polymer network [Pesen and Hoh, 2005;
Reichl et al., 2008]. The cortex of a living cell is a com-
plex, dynamic environment, which is called upon to per-
form a far-reaching array of cellular tasks. The cortex must
be strong enough to withstand stresses imposed by me-
chanical insults, osmotic pressure, and cell-to-cell adhe-
sions, yet flexible enough to accommodate a broad range
of cellular morphologies, from spherical oocytes to flat-
tened epithelial cells to eclongated neurons, as well as
adaptable enough to actively remodel itself in response to
signals. To accommodate these numerous mechanical
demands, the cortex relies on several basic building blocks,
each with its own unique time-scale of association. The
actin filaments provide mechanical connections between
different parts of the cell, and crosslinking proteins join
these actin filaments to each other and to the cell mem-
brane. Actin polymer dynamics along with myosin II inter-
actions aid in network remodeling [Guha et al., 2005;
Murthy and Wadsworth, 2005; Girard et al., 20006].

The features of the cytoskeletal network define how the
cell will deform in response to applied mechanical stress,
whether internally generated or externally imposed. The
cellular cytoskeleton is described mechanically as being
viscoelastic, meaning that the cortex has both elastic and
viscous character [Evans and Yeung, 1989; Girard et al.,
2004; Yang et al., 2008]. Rheological measurements reveal
that on short time-scales (<0.2 s) the cell cortex has a me-
chanical phasing of ~15°, which indicates that elasticity
dominates at these time-scales (a pure solid has a phasing
of 0°, while a pure liquid has a phasing of 90°). On time-
scales longer than 0.2 s, super-diffusive behaviors (activities
that operate faster than pure thermal moton would allow)
become prominent [Girard et al., 2006]. The passive me-
chanical behavior of the cell is largely defined by the actin
network, as latrunculin treatments reduce the total poly-
meric actin levels by 55%, which causes an 85% reduction
in cortical viscoelasticity [Girard et al,, 2004; Luo et al.,
2012]. This nonlinear relationship between viscoelasticity
and polymer concentration is expected, as pure actin net-
works and crosslinked actin networks typically have visco-
elastic moduli that depend on the actin concentration (ca¥)
where v is the power law and typically ranges from ~1 to

2.5. The exact value depends on variables such as actin
polymer length, the nature of the crosslinkers, and cross-
linker density [MacKintosh et al., 1995; Gardel et al.,
2004; Gardel et al., 2006; Luo and Robinson, 2011].

In cells, the actin polymer length is typically much
lower than the persistence length (~10 pm) [Isambert
et al, 1995] of the actin filaments. Measured lengths
depend on species, ranging from 600-1000 nm in S
pombe contractile rings to 100 nm in Dictyostelium cleav-
age furrows to 45-90 nm in the cleavage furrows of Hela
cells [Maupin and Pollard, 1986; Kamasaki et al., 2007;
Reichl et al., 2008]. As a result, the filaments behave as
rigid rods in the cell and the actin crosslinkers have an
essential role in integrating the polymers into a viscoelastic
network that can span the circumference of the cleavage
furrow. Indeed, multiple actin crosslinking proteins con-
tribute significantly to the spatial mechanics of dividing
cells (e.g., global vs. equatorial) and interphase cells (e.g.,
pseudopod vs. rear end of cell) [Simson et al., 1998; Stos-
sel et al., 2001; Girard et al., 2004; Octtaviani et al.,
2006; Mukhina et al., 2007; Reichl et al., 2008]. Cross-
linking proteins are far from generic, with each having its
own unique time-scale for actin association. This leads to
time-scale dependent variations in cell mechanics. For
example, fimbrin is a crosslinker that associates only tran-
siently with actin, demonstrating a fluorescence recovery
after photobleaching (FRAP) recovery time of 260 ms,
which is not much slower than the 150 ms recovery time
of freely diffusing green fluorescent protein (GFP).
Mechanically, fimbrin null cells have a significant reduc-
tion in cortical viscoelasticity on the sub-100 ms time-
scale but little change in cortical tension, which is meas-
ured on the seconds time-scale. In contrast, other actin
crosslinking proteins, such as dynacortin and cortexillin 1,
show impact on subsecond- to seconds-time-scale mechan-
ics, along with recovery times (as determined by FRAP)
of >0.5 s [Reichl et al., 2008].

Myosin II is also a significant contributor to cell
mechanics, but it does so in complex ways. Across the lit-
erature, one can find many different observations of how
myosin I affects and/or tunes cell mechanics. Various
reports have indicated in turn that myosin II has no effect
on cell mechanics [Hoffman et al., 2006], increases the
fluidity of the cellular network [Marion et al., 2005],
increases cell deformability [Merkel et al., 2000; Feneberg
et al., 2001], or decreases deformability [Pasternak et al.,
1989; Egelhoff et al., 1996; Dai et al., 1999; Reichl et al,,
2008]. Our observations indicate that these apparently
conflicting findings may be partially reconciled by consid-
ering which actin crosslinker(s) or linking proteins are
working in conjunction with myosin II, and whether the
network is under mechanical stress [Girard et al., 2006;
Reichl et al., 2008; Ren et al., 2009].

The cell cortex may be deformed by stretching (S,) or
bending (B). The stretch and bending moduli constitute
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the energy costs for deforming the cortex away from equi-
librium. The contribution of each parameter decays over a
characteristic length scale (/). Bending (B) decays as /- 3
while stretcch (S.) decays as /- ', Therefore, as the distance
between two points on the surface of the cell increases,
the energy costs for deformation can transition between a
zone dominated by bending (for small-scale structures) to
one primarily influenced by stretch (for larger-scale struc-
tures). Based on measured values for these parameters, this
cross-over distance is on the order of 100 nm for
Dictyostelium cells. Since structures such as pseudopods,
ruffles, and the cleavage furrow deform cells over several
umz, well beyond the cross-over distance, this implies that
the energy cost for stretcch will dominate in these cases
[Simson et al., 1998; Reichl et al., 2008; Robinson et al.,
2012]. This dominance is likely to be the case for most
cell types and large-scale cortical movements. In fact, the
bending modulus has been proposed to decrease at the
cleavage furrow of C. elegans embryos [Koyama et al.,
2012], pethaps to shift the dominant mechanics to a
stretch mode within the extremely narrow furrow region
which is typical of these cells.

The combination of elastic, viscous, and super-diffusive
elements defines the mechanical context under which
stresses act at the cortex to drive and guide shape change.
The passive stretch coefficient, S., combines with active
stresses to give rise to the effective cortical tension (T),
which is a major determinant of cytokinesis progression.
The cortical tension (7" = v + S, (A—Ay)/Ay) is com-
posed of the persistent tension y (which includes the pas-
sive tension in the network counterbalancing the osmotic
pressure within the cell, as well as active stresses from my-
osin motors and actin polymer assembly), and the defor-
mation of the elastic element of the cortex S. (A—Ay)/A,
[Derganc et al., 2000; Robinson et al., 2012]. Similar for-
mulations for cortical tension have also been described
[Clark and Paluch, 2011]. However, it is important to
note that the elasticity of the cortex depends on time-
scale: at short time-scales, the cortex is mostly elastic and
resists deformation, whereas at longer time-scales the cor-
tex has more viscous behavior and the effective cortical
tension approaches the persistent tension y. Thus, cortical
tension is a prominent mechanical feature of cells, which
combines with local surface curvature to create fluid pres-
sures that serve to minimize the surface area to volume ra-
tio. During cytokinesis, cortical tension first serves to
resist cellular deformation, promoting rounding, and then
becomes a major driver of cytokinesis furrow ingression
once the cell has passed a critical threshold. Cortical ten-
sion, when combined with the long time-scale viscous
character of the cell, accounts for the kinetics of furrow
ingression [Zhang and Robinson, 2005; Poirier et al.,
2012]. In addition, cortical tension is predictive of the
forces required to drive furrow ingression [Yoneda and
Dan, 1972; Robinson et al., 2002], the molecular require-

ments for cytokinesis, including how cells can divide with-
out myosin II [Zhang and Robinson, 2005; Poirier et al.,
2012], and the consequences of pressure imbalances,
which can lead to cellular oscillations during mammalian
furrow ingression [Sedzinski et al., 2011].

Rappaport considered whether tension gradients were
enough to drive furrow ingression but concluded that they
were insufficient [Rappaport, 1999]. A new computational
model has also addressed this question by determining the
relative contributions of tension gradients to cleavage fur-
row ingression [Poirier et al., 2012]. The authors found
that tension differentials could be sufficient for driving
cytokinesis; however, the differentials had to be nonphy-
siologically large, consistent with Rappaports findings.
The model describes the shape changes of cytokinesis fur-
row ingression by summing the forces acting around the
cell (such as protrusive forces, contractility, and cortical
tension) and then finding the energetic minimum around
the cell perimeter, thus describing the contours of the cell
membrane. While this approach relies solely on experi-
mentally determined values for the types and magnitude
of forces and the viscoelasticity of the cell, the actual
shape of the simulated cell is unconstrained. The modeled
cell closely resembles a dividing cell 7z vivo, and adjust-
ments to the model to eliminate adhesive forces or con-
tractility (in silico analogs to cell division on a
nonadherent substrate or the division of cells lacking myo-
sin II) also demonstrate the same quantitative behavior as
those observed in vivo (Fig. 1). The model shows that
while cortical tension gradients are major drivers of furrow
ingression, they do not act alone; force contributions from
protrusion coupled with adhesion and/or myosin II con-
tractility are required to initiate furrow ingression.

Second Module: The Force-Generating
Protein Myosin Il

Myosin Il Mechanochemistry and Regulation

A very important, yet nonessential enzyme involved in
cytokinesis is myosin II. Myosin II acts on the actin net-
work to generate contractile stresses, which can lead to
increased cortical tension and/or relative movement
between actin filaments. In its active form, nonmuscle
myosin II assembles into bipolar thick filaments (BTFs),
with motor domains at both ends that bind to actin fila-
ments and use the energy from ATP hydrolysis to generate
forces within the cytoskeletal network. The dynamics of
myosin II regulation are quite elaborate, as its force-gener-
ating properties are dependent on its ATPase cycle as well
as its assembly state. Nonmuscle myosin II consists of a
globular head, which contains the actin-binding motif and
the ATPase site, a neck region which binds the essential
light chain and the regulatory light chain, and a long
coiled-coil tail region, which contains the BTF assembly
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Fig. 1. Cells can complete cytokinesis effectively in the absence of myosin II [adapted from Poirier et al., 2012]. (A) The net
force balance from protrusive forces, adhesion, and cortical tension leads to cleavage furrow ingression iz silico. The color scheme
shows net stresses; negative values indicate inward direction. (B) An example myosin II null cell dividing iz vivo shows similar kinetics

and morphological changes as the model cell in panel A.

domain [Spudich, 2001]. Two myosin heavy chains, each
with their bound light chains, form the functional myosin
monomer, which then assembles into the BTFs. Current
models suggest that in mammals, myosin monomers are
maintained in an assembly-incompetent state by heavy
chain phosphorylation and an association between the un-
phosphorylated regulatory light chain and the tail (the so-
called 10S structure) [Breckenridge et al., 2009]. Upon
activation, the myosin undergoes a 10S-6S transition,
whereupon the 10S monomer uncutls to form the assem-
bly competent, elongated 6S state. In Dicryostelium, myo-
sin II assembly regulation does not appear to involve the
10S-t0-6S transition. While regulatory light chain phos-
phorylation does occur in Dictyostelium, it is not involved
in assembly and only results in a slight (3-5-fold) increase
in actin-activated ATPase activity [Ostrow et al.,, 1994;
Uyeda et al., 1996]. Instead, Dictyostelium BTF assembly
is primarily controlled by heavy chain phosphorylation
[Egelhoff et al., 1993; Sabry et al., 1997]. In both cases,
BTF assembly occurs through a nucleation-elongation
mechanism, where assembly-competent monomers form a
parallel dimer and then two dimers form an antiparallel
tetramer referred to as the “nucleus” [Sinard et al., 1989;
Mahajan and Pardee, 1996]. Assembly into larger fila-
ments is then thought to proceed by sequential dimer
addition, forming BTFs. These structures contain multiple
motor heads on each end of the bundle, all of which are
capable of pulling on the actin filaments so that myosin
II-generated force may be conducted through the
network.

Since myosin force generation requires its assembly into
BTFs and most myosin II is found in the assembly-
incompetent monomeric state [Egelhoff et al., 1993], the
cellular distribution of assembly-regulating factors help
direct local contractility. For example, myosin heavy chain

kinases (MHCKSs) are encoded by four genes in Dictyoste-
lium, three of which (isoforms A-C) appear to play im-
portant roles in cytokinesis. These isoforms are spatially
segregated in the cell with MHCKA enriched at the poles
and MHCKB and C localized to the cleavage furrow dur-
ing cytokinesis [Liang et al., 2002; Yumura et al., 2005].
In contrast, a myosin II heavy chain phosphatase (a PP2A
member) is solely cytoplasmic and requires the Dictyoste-
lium huntingtin protein for full activation [Wang et al.,
2011]. Mutant cells lacking the huntingtin protein fail to
maintain myosin II at the cleavage furrow. These enzymes
(the MHCKSs and the phosphatase) primarily maintain the
steady state of unassembled myosin II. The steady state
level of unassembled myosin is ~80-90% as determined
by biochemical fractionation [Egelhoff et al., 1993], or
50-70% based on immobile fractions from FRAP analysis
[Zhou et al., 2010]. Thus, cells maintain a substantial free
pool of myosin so that they can assemble BTFs wherever
they are needed.

By harnessing such contractility regulators to promote
localized assembly of myosin into the BTF form, cells can
control their cortical properties to direct spatially regu-
lated shape changes. This effect can be observed at the tail
end of migrating cells, as well as in the classic equatorial
stimulation model for cytokinesis. There are two groups
of contractility regulators important for cytokinesis: the
chromosomal passenger complex proteins [including inner
centromeric protein (INCENP), survivin, and aurora ki-
nase] and centralspindlin  (including kinesin-6 and
MgcRacGAP) [Cooke et al., 1987; Adams et al., 2000;
Chen et al., 2007; Li et al., 2008]. MgcRacGAP is found
in higher metazoans but not in Dictyostelium [Mishima
et al., 2002]. The centralspindlin complex is thought to
activate rhoA in the overlying cortex and lead to the act-
vation of ROCK kinase, which in turn phosphorylates
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myosin II on its regulatory light chain, promoting the
10S-6S transition. The subsequent assembly of myosin
increases local cortical tension and contractility and thus
drives furrow ingression.

Myosin Il Mechanosensing

Myosin II exhibits enhanced binding to actin filaments
under tension [Uyeda et al., 2011] and will accumulate to
regions of high stress within the cell [Effler et al., 20065
Ren et al., 2009; Kee et al., 2012]. This ability to detect
and respond to forces is known as mechanosensation. This
property has also been demonstrated in other myosins
such as myosin I, V, and VI [Altman et al., 2004; Geb-
hardt et al., 2006; Laakso et al., 2008]. There are several
force-dependent cytoskeletal phenomena which, when
taken together, can explain this behavior. First, actin fila-
ments are highly allosteric, making them ideal mediators
of cooperative interactions between actin-associated pro-
teins along the polymer. This allostery allows point forces
exerted on an actin filament to propagate subunit confor-
mational changes locally [Galkin et al., 2012]. Second,
when myosin II proceeding along an actin filament is sub-
jected to a resistive force, its duty ratio increases, causing
it to lock onto the strained filament [Kovacs et al., 2007].
The result of these phenomena is that tension on the actin
filaments and/or force generated by a bound motor head
will stretch the actin filaments, facilitating the binding of
additional motor heads nearby [Tokuraku et al., 2009;
Uyeda et al., 2011]. This localized binding of motors on
an actin filament then promotes further BTF assembly,
forming a force-dependent positive feedback loop [Ren
et al., 2009; Luo et al., 2012]. A recent multiscale model
demonstrates quantitatively how myosin motor force-sens-
ing and cooperativity and the BTF assembly mechanism
are integrated to promote local mechanosensitive accumu-
lation of myosin II [Luo et al., 2012].

When sliding actin filaments, myosin motor proteins
harness the energy of ATP hydrolysis (~100 pNenm) to
perform work over the ~8 nm step size of the myosin le-
ver arm [Murphy et al., 2001]. As a longer lever arm will
increase the myosin II step size (consequently increasing
the unloaded motor speed), conservation of energy dictates
that the maximum force generated will be proportionately
lower. Therefore, a longer lever arm stalls more easily
under load, whereas a shorter lever arm will produce more
force and be less sensitive to stalling. Stalling is thought to
occur when a bound myosin head is in the isometric state
between the pre- and the poststroke configurations. Several
lever arm mutants of Dictyostelium myosin II have been
cloned and characterized, and they all retain full motor ac-
tivity with the expected changes in step size and unloaded
motor speed [Uyeda et al., 1996]. Furthermore, when
these mutant motors are expressed in cells lacking endoge-
nous myosin I, they demonstrate the expected trends in
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Fig. 2. Myosin mechanosensation is dependent on the lever
arm length and cell cycle phase [Effler et al., 2006; Ren
et al.,, 2009; Luo et al., 2012]. (A) Myosin localization to the
pipette in dividing cells was measured under a range of aspira-
tion pressures for various lever arm mutants, as well as for WT
interphase cells. Upon anaphase onset (large arrow), the pressure
regime (AP) required to trigger myosin II accumulation is
shifted to the left. Mean log ([,/1,) is the average log of the
ratios of GFP-myosin II intensity (I) of the cortex inside the
micropipette (/,) to the opposite cortex (/,).(B) A continuously
aspirated mitotic cell becomes mechanosensitive upon anaphase
onset. The arrow identifies the mechanosensitive accumulation
of myosin II. Green-GFP labeled myosin II, Red-RFP labeled
tubulin, Blue-DIC.

mechanosensitive accumulation; all mutants show a linear
relationship between accumulation and applied force, but
the longer lever arm 2xELC mutant is more mechanosensi-
tive at all pressures, and the short lever arm ABLCBS mu-
tant is less mechanosensitive at all pressures (Fig. 2A).
Additional support for the isometric stalling model is pro-
vided by the S456L uncoupler mutant, which has the
same lever arm length as wild type (WT) myosin II, but
which has a defect in the ATPase region that reduces its
step size and unloaded filament sliding velocity below the
level of the short lever arm (ABLCBS) mutant [Murphy
et al., 2001]. If myosin’s mechanosensitive accumulation to
sites of stress was dependent on its motility, the S456L
mutant would be expected to have similar characteristics to
ABLCBS. However, its mechanosensitive behavior is simi-
lar to WT myosin, indicating that lever arm length is the
critical parameter, not motor speed or step size.

While stalled myosin thus functions as an effective force
sensor, other factors must also be present in order to drive
the productive accumulation of myosin to sites of stress.
A reservoir of soluble, assembly-competent myosin feeds
the growth of stalled BTFs, and the long-lived actin cross-
linker cortexillin I forms stable connections between actin
filaments, conducting forces through the stressed network.
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Fig. 3. Different regulatory regimes in the cleavage furrow and poles create a force imbalance that drives furrow ingression.
The myosin II-cortexillin I-IQGAP-kif12-INCENP control system regulates the equatorial cortex. In contrast, the microtubule-racE-
14-3-3-myosin II pathway and global crosslinking proteins control the polar mechanics. Note: the dashed arrows and asterisk (*)
denote that the interaction between 14-3-3 and microtubules has been characterized in interphase cells, but due to the sparse nature
of astral microtubules in Dictyostelium cells, this interaction has not been fully characterized in mitotic cells. [Data are compiled from
[Robinson and Spudich, 2000; Reichl et al., 2008; Surcel et al., 2010; Zhou et al., 2010; Kee et al., 2012].

Myosin also demonstrates heterocooperativity with cortex-
illin I through actin, amplifying the accumulation of both
proteins; disruption of either protein abolishes the mecha-
nosensitive accumulation of the other. This complex
behavior allows the three proteins (actin, cortexillin I, and
myosin II) to form a force-dependent feedback controller,
which actively stiffens and contracts to counteract external
stresses. The mechanosensitive response is independent of
the spindle signaling pathway but requires proper regula-
tion of myosin BTF assembly and regulatory light chain
phosphorylation [Ren et al., 2009].

Third Module: The Control System
that Tunes the Structural Elements
of the Cytoskeleton

Interestingly, the mechanosensitive behavior of myosin II
is heavily attenuated during interphase through the action
of the small GTPase racE. If WT cells are aspirated at any
stage of the cell cycle prior to the onset of anaphase, the
mechanosensitive response is undetectable at low pressures
(Fig. 2A), but upon the transition to anaphase myosin
will begin to accumulate to the pipette (Fig. 2B). The
exact mechanism of this attenuation is unknown, but racE
is known to play a fundamental role in the regulation of
actin crosslinker distribution and in the modulation of
cleavage furrow ingression [Robinson and Spudich, 2000;
Zhang and Robinson, 2005]. By shifting cytoskeletal
stresses onto alternate actin crosslinkers, such as dynacor-
tin and enlazin, the effective force experienced by the
mechanosensitive cortexillin I crosslinker would be dimin-
ished, thus suppressing mechanosensation. Indeed, cells
lacking racE are highly mechanosensitive at all stages of

the cell cycle (Fig. 2A) and also exhibit much lower corti-
cal stiffness, with a decrease in the cortical localization of
dynacortin and coronin [Robinson and Spudich, 2000;
Ren et al., 2009]. This evidence suggests that a postmeta-
phase transition in the regulation of racE allows cells to
harness the mechanosensitive abilities of myosin to create
a force gradient, leading to furrow ingression and the suc-
cessful completion of cytokinesis.

RacE also interacts with myosin II through the essential
protein 14-3-3 [Zhou et al., 2010] (Fig. 3). The 14-3-3
protein serves as an intermediary between microtubules,
racE, and myosin, promoting myosin BTF remodeling and
helping to maintain proper cortical tension under the regu-
lation of racE. RacE is responsible for the cortical localiza-
tion of 14-3-3, and 14-3-3 in turn directly associates with
myosin to promote BTF turnover. 14-3-3 also tunes over-
all microtubule length and is required for normal microtu-
bule-cortex interactions. 14-3-3’s localization to the polar
cortex and its interaction with myosin, along with its abil-
ity to rescue the cytokinesis defects of racE null cells, sug-
gest that it is involved in establishing the tension gradient
between the cleavage furrow and the poles [Zhou et al,
2010]. Importantly, 14-3-3 proteins are known in other
systems to play many roles in cell division such as modu-
lating mitotic translation and centralspindlin signaling
[Wilker et al., 2007; Douglas et al., 2010].

Several proteins traditionally associated with the mitotic
spindle also show accumulation at the cleavage furrow at
later stages of cytokinesis, including the kinesin-6 protein
kif12, INCENP, and Aurora kinase [Chen et al., 2007; Li
et al., 2008] (Fig. 3). Interestingly, kif12 and INCENP
also demonstrate mechanosensitive accumulation to an
aspirating micropipette, even when the spindle is ablated
with nocodazole, a microtubule depolymerizing drug [Kee
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et al., 2012]. This cortical localization of kifl2 could
involve a similar mechanism as the cortical localization of
mammalian kinesin-6 (MKLP1), which localizes to the
stem-body region of the midbody independently of its
microtubule association [Hu et al., 2012]. Extensive analy-
sis of mutant Dictyostelium strains demonstrated that the
cortical localization of kifl12 is dependent on the central
myosin Il-cortexillin I mechanosensor. This ability of the
mechanosensor to feed information about the mechanical
state of the cell to upstream regulators is referred to as
mechanotransduction, and in Dictyostelium is mediated
through the protein IQGAP2. Dictyostelium has three
IQGAP proteins, IQGAPI1 (a.k.a. DGapl), IQGAP2
(a.k.a. GapA), and a more distanty related IQGAP3.
IQGAP1 and IQGAP2 are known to bind to cortexillin I
[Adachi et al.,, 1997; Faix et al., 2001; Mondal et al.,
2010]. The IQGAPI-cortexillin I complex suppresses
mechanosensation, whereas IQGAP2 relieves this suppres-
sion as well as mediates mechanotransduction to kifl2
and INCENP (Fig. 3). An iqgapl/iqgap2 double mutant
cell preserves normal myosin-cortexillin mechanosensing,
yet kif12 and INCENP no longer accumulate to the
cleavage furrow or to an aspirating pipette [Kee et al.,
2012]. These double mutant cells still accumulate myosin
to the cleavage furrow but have reduced cytokinesis fidel-
ity. However, when the cells experience additional me-
chanical stress, the lack of mechanotransduction
compromises their ability to accumulate myosin to the
cleavage furrow as compared to WT cells. Thus, mecha-
nosensation and mechanotransduction combine to tune
the level of myosin accumulation at the cleavage furrow
under a wide range of force regimes. This allows cells pre-
cise, robust control over their cortical mechanics, ensuring
cytokinesis fidelity under a variety of conditions.

Connecting the Modules into a
Robust Morphological Engine

The three modules described above are the drivers of cell
shape change. The cortical network of crosslinked actin
defines the deformability of the cell, myosin II alters local
stiffness and tension and accumulates to sites of stress,
and the control system tunes cortical mechanics and
directs myosin II localization and mechanosensitivity to
carry out various cellular programs. During cytokinesis,
the output of these modules is furrow ingression. Many
descriptions of cytokinesis have explained furrow ingres-
sion as being driven by myosin contractility through a sar-
comeric-like mechanism involving a “purse-string” of
actin and myosin II filaments. However, we believe that it
is more accurate to describe furrow ingression as being
driven by multiple force-generating systems where cortical
tension is a prominent one, and myosin II’s function is to
contribute contractile stress and an increase in cortical ten-

sion at the furrow [Zhang and Robinson, 2005; Poirier
et al., 2012]. Because cortical stresses are not only driven
by myosin but also depend on factors such as actin poly-
merization, actin crosslinkers, membrane anchoring, sur-
face curvature, and osmotic pressure (which must be
resisted by the cortex), the cell can achieve force differen-
tials in many different ways. This principle explains the
ability of cells lacking myosin II to perform cytokinesis
[Neujahr et al., 1997; Zang and Spudich, 1998; Zhang
and Robinson, 2005; Poirier et al., 2012], as well as the
ability of certain mammalian cells to perform cytokinesis
in the presence of blebbistatin, a myosin inhibitor
[Straight et al., 2003; Kanada et al., 2005]. It also
accounts for why myosin II mechanochemistry is not rate-
limiting for furrow ingression and why in Dictyostelium,
furrow ingression rates are inversely related to the length
of the myosin II lever arm (if filament sliding were the
primary mechanism for furrow constriction, the longer le-
ver arm mutants would be expected to ingress faster)
[Reichl et al., 2008; Kee et al., 2012]. This fundamental
principle has also been implicated in mammalian cells,
where a mutant myosin II that has mechanosensitivity but
no actin-filament sliding ability is able to support cytoki-
nesis in cultured cells as well as during embryonic devel-
opment [Ma et al., 2012].

The various modules, connected through feedback
loops, ensure that the appropriate magnitude of mechani-
cal stresses are distributed around the cortex to generate
shape changes, which allows furrow ingression to happen
under a wide range of contexts. This robust system allows
cells to divide with and without adhesion, in the absence
of genes which contribute to cortical mechanics, and in
the presence of external stresses such as those experienced
by cells in dssues. Inputs that emanate from the spindle
trigger inital myosin II accumulatdon and symmetry
breaking, and the force-sensitive feedback loop then tunes
the accumulation of myosin II as cytokinesis proceeds.
Thus, we can now begin to understand how the same cel-
lular machinery can generate sufficient forces for furrow
ingression under diverse mechanical contexts.

Conclusions

Even after decades of research, the process of cytokinesis
continues to amaze and puzzle biologists with its flexibility
and complex behaviors. Under normal conditions, cytoki-
nesis appears to be a vertically organized process. Signals
from the mitotic spindle lead to the asymmetrical distri-
bution of cytoskeletal proteins around the cortex, which
in turn shift the force distribution around the cell, causing
constriction at the furrow and protrusion at the poles.
However, when cells are stressed mechanically, this seem-
ingly hierarchal process automatically compensates by
drawing upon a mechanical feedback system to adjust
the force-generating system to complete cytokinesis
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successfully. This adaptability allows cells to achieve the
same cell shape changes in widely divergent mechanical
environments and might explain how some asymmetric
cell divisions can occur in the apparent absence of the
spindle [Cabernard et al., 2010; Ou et al.,, 2010]. Cells
may also automatically “wire around” proteins that play
central roles in normal cell division when these compo-
nents fail to perform their roles, with muldple feedback
loops from downstream proteins ensuring that the cell
continues to carry out the necessary shape changes for
proper division. Cytokinesis is thus a highly robust cellu-
lar program, which can use combinatorial synthesis to
achieve the same end result through several different cellu-
lar modules, many of which are not immediately apparent
in unstressed cells.

The feedback control system may account for much of
the historical difficulty in determining which proteins are
strictly essential for cytokinesis, and which appear to play a
role but are not absolutely necessary. It also explains why
certain features that are essential, such as the mitotic spin-
dle, are dispensable after a certain point in the division
process—once these components have signaled to down-
stream modules, force-dependent feedback loops ensure
that cytokinesis proceeds smoothly without further signal-
ing. Similarly, a feedback mechanism may also explain why
furrow formation can be induced by monopolar spindles
[Hu et al., 2008]. Finally, by moving beyond the simplistic
designators of “essential” or “non-essential,” placing genes
within related modules should greatly simplify the process
of reconciling data from different model systems. Indeed,
what at first may appear to be a highly organism-specific
mechanism is likely to be simply the result of directing the
same cellular modules in a novel way to achieve the neces-
sary results—dependable, consistent division under the
environmental conditions particular to that cell.

Two areas of this modular view of cytokinesis remain
unclear: the mechanism of symmetry breaking which ini-
tiates the process and how stresses are propagated through
the cortical cytoskeletal network to the mitotic spindle,
forming the mechanical linkage that completes the mecha-
notransduction circuit. These two questions are inter-
twined, as the presence of feedback loops between the
cortex and the spindle suggests that the spindle itself might
not be the obligate “top-down” driver of symmetry break-
ing. This concept is also implied by the “long axis rule”;
the fact that the spindle elongates along the long axis of the
cell strongly suggests that mechanical elements influence di-
vision plane specification [Gibson et al., 2011; Minc et al.,
2011]. Thus, mechanical feedback and stress propagation
through the cortex to the spindle may be critical players in
this process. Longer term, determining how the mechanical
modules described in this review (crosslinked cortical actin,
myosin II, and the control system) operate in the context
of complex environments, such as tissues, will become par-
ticularly important. Tissues offer a radically different me-

chanical environment from single cells, including
additional adhesions to the substrate and to other cells, a
more complex mechanical stress environment, and the pos-
sibility of mechanical heterogeneity among otherwise iden-
tical cells, particularly within tumors. Determining how
these features interact with the core modules described in
this review will have significant impact on cytokinesis

research, as well as implications for health-related biology.
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