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ARTICLE INFO ABSTRACT

Arfif{e history: Cytokinesis, the final step of cell division, is a great example of robust cell shape regulation. A wide vari-
Received 30 June 2015 ety of cells ranging from the unicellular Dictyostelium to human cells in tissues proceed through highly
Accepted 13 October 2015 similar, stereotypical cell shape changes during cell division. Typically, cells first round up forming a

Available online 19 October 2015 cleavage furrow in the middle, which constricts resulting in the formation of two daughter cells. Tight

control of cytokinesis is essential for proper segregation of genetic and cellular materials, and its fail-

Keywt?rds:' ure is deleterious to cell viability. Thus, biological systems have developed elaborate mechanisms to

Cytokinesis . . . L . . . K . .

Feedback ensure high fidelity of cytokinesis, including the existence of multiple biochemical and mechanical path-

Cell mechanics ways regulated through feedback. In this review, we focus on the built-in redundancy of the cytoskeletal

Actomyosin contractility machinery that allows cells to divide successfully in a variety of biological and mechanical contexts.

Control system Using Dictyostelium cytokinesis as an example, we demonstrate that the crosstalk between biochemical
and mechanical signaling through feedback ensures correct assembly and function of the cell division
machinery.
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1. Introduction ensure successful division in a variety of cellular and tissue con-
texts. For example, a stem cell needs to decide if and how to

Cell division is essential for cell survival and proliferation. Cells divide asymmetrically while a dividing epithelial cell must choose
must interface with diverse chemical and mechanical stimuli to the right division plane to maintain the tissue architecture. Thus,
it makes sense that biological systems have developed intricate

and robust mechanisms for cytokinesis, the final stage of cell divi-

- sion where the daughter cells separate. Thus, the father of modern
Abbreviations: MPA, micropipette aspiration; CPC, chromosome passenger com- cytokinesis research, Ray Rappaport, aptly said “When I began work-
plex; SIN, septation initiation network. , o ing on cytokinesis, I thought I was tinkering with a beautifully made
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sity School of Medicine, 725 N. Wolfe Street, Physiology 100, Baltimore, MD 21205. o o , X . X
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http://dx.doi.org/10.1016/j.semcdb.2015.10.023
1084-9521/© 2015 Elsevier Ltd. All rights reserved.


dx.doi.org/10.1016/j.semcdb.2015.10.023
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.semcdb.2015.10.023&domain=pdf
mailto:dnr@jhmi.edu
dx.doi.org/10.1016/j.semcdb.2015.10.023

40 V. Srivastava et al. / Seminars in Cell & Developmental Biology 53 (2016) 39-44

attribute for the fisherman dependent on it to make a living. Simi-
larly, numerous feedback loops as well as crosstalk between several
biochemical and mechanical pathways ensure robust cytokinesis
[2-4].

Cells can be thought of as machines that use chemical and
mechanical inputs to make decisions on cell proliferation and
fate. For the early forms of life, it is likely that their behavior
was largely governed by physical cues such as confinement, pres-
sure and temperature, and cellular systems have since evolved
to respond to their environment. For example, barophilic orga-
nisms living deep under the sea use different machinery to divide
from brain cells in an extremely soft environment. Even within
metazoans, though core cytokinesis machinery exists, it is regu-
lated differently in various cell types depending on functionality
and context. Thus, in addition to biochemical signaling pathways,
the impact of mechanical forces on cell behavior must also be
evaluated. This is especially important for cytokinesis, which is
largely a physical process involving cell shape changes through
cellular contractility. In this review, we will discuss the mech-
anisms for multi-level regulation of the cytokinesis machinery,
using Dictyostelium cytokinesis as an example. Its genetic homol-
ogy and mechanical similarity to many mammalian cells, as well
as its amenability for genetic, biochemical and mechanical per-
turbations, make the social amoeba Dictyostelium discoideum an
excellent model for cytokinesis research. Aspects of biochemical
and mechanical feedback regulation of cytokinesis and cell shape
changes observed in Dictyostelium have also been demonstrated
in other types of cell processes, such as embryonic development,
myoblast fusion, immune cell maturation, and cell entosis [5-8].

2. Molecular and physical framework for cytokinesis

The network of actin and associated proteins beneath the cell
surface constitutes the cell cortex, and gives the cell its shape and
mechanical properties. The cortex is a highly dynamic organelle
that undergoes constant remodeling as the cell changes shape
during cytokinesis. A diverse array of actin crosslinkers confers
structural and mechanical properties to the cortex by interacting
dynamically with the actin filament framework, while the myosin
motors generate contractile forces in the cortex. Myosin Il and many
crosslinkers accumulate in the equatorial region or cleavage fur-
row of a dividing cell, promoting local contractility [4,9] (Fig. 1A).
However, cytokinesis is sufficiently robust that it can proceed with-
out myosin I [10], guided by the Laplace pressures that arise from
the viscoelastic properties of the cortex and cytoplasm and from
the local curvature of the cell surface [3,11,12]. Many cleavage
furrow-enriched proteins including myosin II and cortexillin [, an
actin crosslinker, also accumulate to sites of applied mechanical
stress such as by micropipette aspiration or agarose overlay in a
stress-dependent manner (Fig. 1A, B) [13-15]. Both myosin II and
cortexillin I show cooperative accumulation kinetics (Fig. 1C), the
mechanisms for which are discussed later. Further, the cortexillin
I-binding regulatory protein IQGAP2 also shows mechanosensitive
accumulation [13].

In addition to the actin cytoskeleton, microtubules and their
associated proteins are essential for ensuring correct spatial and
temporal positioning of the cytokinesis machinery. The mitotic
spindle provides the necessary framework for the initial symme-
try breaking and assembly of the cytokinesis apparatus [16-19].
Cues from both spindle and astral microtubules provide spatial
regulation, while signaling pathways involving spindle-associated
proteins regulate the timing of cytokinesis [2,19,20]. Many proteins
that control the cell cycle also regulate cytokinesis. For example,
Cdk1 inhibition upon anaphase onset triggers a signaling cas-
cade through RhoA, resulting in major cytoskeletal reorganization
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Fig. 1. MyosinIllocalization is guided by mechanical stress. (A) Myosin Il is enriched
at the cleavage furrow of a dividing cell and at the aspirated tip during micropipette
aspiration (MPA). (B) Myosin Il enrichment during MPA depends on the applied pres-
sure. Anaphase Dictyostelium cells are more mechanoresponsive than interphase
cells. (C) Myosin II and cortexillin I show cooperative accumulation kinetics during
MPA.

Reproduced from Luo et al., 2012 [37] with permission from Elsevier.

associated with cytokinesis [21,22]. Members of the chromosome
passenger complex (CPC) localize to the cleavage furrow cor-
tex from the mitotic spindle, and modulate shape change during
cytokinesis [13,23,24]. Though signals from the mitotic spindle
define contractility at the cleavage furrow, cellular contractility can
also affect the localization of spindle signaling proteins through
feedback (Fig. 2). For example, the mitotic kinesin-like protein
(MKLP)-homolog kif12 and the CPC protein INCENP both accumu-
late to sites of high mechanical stress in Dictyostelium [13].

Once we have assembled a parts list for cytokinesis, the question
then becomes how do the various cellular modules communi-
cate and collaborate to ensure cytokinesis proceeds with high
fidelity. The signaling pathways regulating cytokinesis in different
organisms have been extensively studied [2,16,25-27]. However,
mechanical signaling must also be integrated with these pathways
to completely understand cytokinesis regulation.

3. Mechanics of cytokinesis

Actin crosslinkers and the motor protein myosin II collectively
bear the force (mechanical load) in the cortex. By altering the
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Fig.2. Acombination of biochemical and mechanical cues from the mitotic spindle, and polar and equatorial cortices guide cytokinesis progression. The contractile machinery,
comprising of myosin II and cortexillin [, is recruited at the cleavage furrow and is regulated by a mechanosensory system. Polar actin crosslinkers define global mechanics,

inhibiting contractility and promoting protrusions in the polar cortex.

composition of the cortex, the physical properties of this com-
posite material and protein behavior are affected [14]. Therefore,
asymmetric localization of polar and equatorial crosslinkers dur-
ing cytokinesis results in a mechanical gradient, where the furrow
is less deformable than the poles [9]. Further, myosin II and the
equatorial crosslinking protein cortexillin [ are mechanorespon-
sive and accumulate to regions of high stress [13-15,28]. Thus,
the higher tension at the furrow helps stabilize the cleavage fur-
row localization of these proteins. Consistently, the cleavage furrow
immobile fractions for cleavage furrow proteins, including myosin
II, cortexillin I and IQGAP2, are significantly higher than those
in the interphase cortex [29]. Importantly, the immobilization of
cleavage furrow proteins during cytokinesis is due to changes in
network properties and mechanical forces at the furrow, and is
independent of many genetic perturbations [29]. In contrast, the
polar crosslinkers, with faster, cytokinesis-independent protein
dynamics, contribute to resistive stresses at the poles and modulate
cortical tension [9,30,31]. Thus, spatial segregation of permissive
and inhibitory signals helps stabilize the furrow positioning and
ingression (Fig. 2).

The mechanoresponsiveness of the cell cortex and its compo-
nents is dependent on how forces are shared between myosin
Il and actin crosslinkers. For example, in the absence of myosin
II, certain crosslinkers such as a-actinin become more respon-
sive to mechanical deformations. Moreover, mechanosensitive
accumulation of myosin II is greater in mutants depleted of the
polar crosslinker dynacortin or the small GTPase racE, which
affects several polar crosslinkers [14]. Consistently, myosin II can
accumulate to aspirated sites at much lower pressures in mitotic
cells compared to interphase cells [14,28]. From mechanical
studies, a general pattern emerges: whereas loss of cleavage
furrow crosslinker cortexillin I and its regulator IQGAP2 leads to

diminished myosin Il mechanosensitive accumulation, loss of any
of the polar crosslinkers leads to increased myosin Il mechanosen-
sitive accumulation. This basic trend reflects the force-sharing
between the polar crosslinkers and myosin Il as well as the
cooperative interactions between myosin II and cortexillin 1. This
paradigm will be expanded upon in the subsequent sections.

4. Myosin Il mechanochemistry and cellular contractility

As myosin Il is the major driver of furrow contractility, a detailed
evaluation of the molecular mechanisms giving rise to myosin II's
mechanoresponsiveness and its interactions with other cortical
proteins is necessary for understanding how different components
discussed above work together to regulate cytokinesis. Myosin II
can assemble into bipolar thick filaments, which generate contrac-
tile forces by simultaneously pulling on several actin filaments.
Both myosin II-actin binding and thick filament dynamics are force-
dependent, and control myosin II's mechanoresponsiveness and
cellular contractility.

A functional myosin II monomer is a hexamer comprised of
two myosin heavy chains containing the motor and BTF assembly
domains, two essential light chains and two regulatory light chains.
Myosin II filament assembly and contractility are highly regulated
by phosphorylation of both the heavy chain and the regulatory light
chain [32,33]. Phosphorylation of the regulatory light chain is con-
trolled by the myosin light chain kinase (MLCK) and Rho-associated
protein kinase (ROCK, in mammals; not found in Dictyostelium),
and activates myosin Il [34]. Phosphorylation of the myosin
heavy chain regulates its ability to get incorporated into BTFs.
Heavy chain dephosphorylation by PP2A promotes BTF assembly
while myosin heavy chain kinases inhibit BTF formation [35,36].
The BTF assembly and disassembly dynamics are required for
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mechanosensitive remodeling of the cell cortex, as constitutively
assembled or unassembled myosin [l mutants do not accumulate to
sites of high stress [15]. Hence, the regulation by phosphorylation
sets the threshold for assembly, allowing mechanical stress to
trigger the cooperativity of myosin motor heads (discussed in
the next section) thereby dictating the precise location of where
that BTF assembly will occur and on which actin filaments it will
assemble [37,38].

The enrichment of myosin II BTFs results in increased cellular
contractility in regions of high stress. Consequently, the cell retracts
from the aspirated site once myosin Il is maximally recruited dur-
ing micropipette aspiration [14,28]. As the cell retracts, the cortex
becomes less strained and myosin II unbinds from the cortex. In
some mutants, like racE cells where myosin Il is highly mechanore-
sponsive, myosin Il accumulation and cellular retraction show out
of phase oscillatory behavior [ 14]. Myosin Il can also localize asym-
metrically during early cytokinesis when the spindle is not centered
to correct for shape asymmetries. Myosin II gets enriched furthest
from the spindle and redistributes as the spindle elongates [28].
Myosin II induced contractility is also critical for tumor invasion
and metastasis, where highly deformable and contractile cells have
a higher metastatic potential [6,39]. Thus, modulation of the con-
tractile machinery is an important therapeutic strategy for cancer
prevention and cure.

5. Cooperativity between myosin II and actin crosslinkers

Though myosin II is the force generating enzyme, actin
crosslinkers are necessary for propagation of forces within the cor-
tex. Both myosin Il and cortexillin I accumulate at the cleavage
furrow, and exhibit cooperative accumulation under micropipette
aspiration (Fig. 1C), where the deletion of one disrupts the stress-
dependent accumulation of the other [15]. Their synchronous
accumulation suggests cooperative interactions between myosin
I and cortexillin I.

Myosin II undergoes an ATP hydrolysis-dependent power
stroke, during which it takes an 8 nm step along the actin fil-
ament [40,41]. Myosin II binding to the actin filament causes
localized conformational changes in the filament, resulting in strain
energy for the filament, which promotes the binding of additional
myosin heads nearby. The force generated during the myosin II
power stroke creates tension in crosslinked actin filaments, and
this tension results in an increased binding lifetime of myosin II
by locking it in the isometric state [42], which is also the cooper-
ative binding state [37]. Coarse-grained Monte Carlo simulations
for force-dependent myosin II binding can recapitulate the homo-
cooperativity between myosin heads in silico [37], which has also
been demonstrated in vitro. Microscopy showed that myosin II
motors bind in clusters to actin filaments in a manner dependent
on the actin conformation [43] or on the myosin motor’s nucleotide
state (ATP- or transition state analog-bound, but not ADP-bound)
[44]. Intriguingly, a mutant myosin S1, which populates the transi-
tion state (also the cooperative binding state), localized to specific
populations of actin in the cell, including the actin in the cleavage
furrow [45]. Further, in a reconstituted muscle myosin II con-
tractile system, the fraction of myosin bound to actin increased
sigmoidally indicative of cooperative binding as myosin concen-
tration increases [46]. Finally, the rate of myosin Il assembly into
bipolar thick filaments was enhanced nearly 10-fold by the addition
of actin filaments, but only in the presence of ATP [47]. In contrast,
the addition of ADP plus actin inhibited thick filament assembly.
We now understand that this rate enhancement is most likely due
to cluster formation of the myosin Il heads on the actin due to coop-
erative binding, which in turnincreases the proximity of the myosin
II tails, promoting thick filament assembly [37].

Similar hetero-cooperativity may exist between myosin II and
cortexillin, which could lead to formation of clusters contain-
ing both proteins, as was observed in silico [37]. Thus, these
proteins form the core of a mechanoresponsive contractile unit,
where myosin II is the force-generating element and cortexillin
I anchors the actin network, and helps propagate forces through
this network. In contrast, a-actinin, which is also an actin bundling
protein found at the cleavage furrow, only accumulates in response
to mechanical stress in Dictyostelium myoll null cells [14]. The
polar crosslinkers also exhibit antagonistic behavior with myosin
II. Myosin II accumulates at ~2-fold lower pressures in inter-
phase cells depleted of polar crosslinker dynacortin or the small
GTPase racE, which regulates many polar crosslinkers [14]. Thus,
force-sharing between myosin Il and actin crosslinkers defines the
cellular mechanical landscape, and determines cleavage furrow
contractility during cytokinesis. Due to its importance in ensur-
ing cytokinesis fidelity, cellular mechanosensing is highly regulated
through feedback. Some such regulatory mechanisms are discussed
in the section below.

6. Feedback regulation of cytokinesis and mechanosensing

In engineering, feedback loops have long been appreciated as
a means of ensuring robustness [48]. Mechanosensory feedback
during cytokinesis has a similar effect [28]. During cytokinesis,
signals from the mitotic spindle initiate symmetry breaking and
recruitment of cleavage furrow proteins to the cell equator. Subse-
quently, mechanical feedback and cooperativity between myosin
Il and cortexillin I control the amount of protein and contractil-
ity at the furrow. Furthermore, two cortexillin I-binding proteins,
IQGAP1 and IQGAP2, help regulate this mechanoresponsive sys-
tem [13]. In the absence of IQGAP2, myosin II and cortexillin I fail
to accumulate in response to applied stress due to inhibition by
IQGAP1. However, a double mutant lacking both IQGAPs is highly
mechanoresponsive, indicating that the IQGAPs are not required for
mechanoresponsiveness, and that they only play regulatory roles.
Further, IQGAP2 transduces the readout from the mechanosen-
sor back to the spindle signaling proteins. IQGAP2 is required for
directing mechanical stress-dependent accumulation of the mitotic
kinesin-like protein (MKLP) Kif12 and the chromosome passen-
ger complex protein INCENP to the cell cortex [13]. Overall, these
mechanical feedback loops spatially and temporally tune myosin II
accumulation and contractility, and are structured similar to con-
trol systems ubiquitous in engineering (Fig. 3).

In addition to the equatorial mechanosensory control system,
global cellular mechanics also contribute to cytokinesis fidelity.
The small GTPase racE is a global regulator of cortical mechan-
ics promoting resistive stresses [49], and is an upstream activator
of many polar actin crosslinkers including dynacortin and coro-
nin [3,12,50]. The overexpression of polar crosslinkers inhibits
myosin II mechanoresponsiveness, while the absence of racE or
dynacortin makes myosin II more responsive. During cytokinesis,
the equatorial mechanoresponsive unit (myosin II and cortexillin
I) and the polar resistive module (racE and other actin crosslink-
ers) exhibit inverse concentration gradients, promoting furrow
ingression. Though the equatorial and polar modules have comple-
mentary roles during cytokinesis, crosstalk occurs between them.
RacE also acts upstream of the regulatory protein 14-3-3, which
is enriched in the polar cortex where it regulates cortical tension
and steady state microtubule length [51]. 14-3-3 then binds to the
myosin I heavy chain and promotes myosin II bipolar thick fila-
ment turnover at the furrow [51]. Collectively, these mechanisms
demonstrate the interplay between polar and equatorial modules
in regulating myosin Il contractility, and their importance in main-
taining cell shape during cytokinesis [4].
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Deletion of any of the factors of this feedback system causes increased cytokinesis
failure, including daughter cell symmetry defects, which is indicative of each protein
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Though the roles of myosin Il and many actin crosslinkers in
cytokinesis and contractility have been examined carefully, the
molecular mechanisms for the recruitment and retention of these
proteins is not fully elucidated. For example, a myosin Il mutant
lacking the motor domain (headless myosin) can partially accumu-
late in the furrow region, though it does not incorporate into the
cortex, highlighting the importance of the motor-actin interactions
for integrating myosin Il into the cortex [52]. However, the fact that
the headless myosin can enrich in the furrow cytoplasm indicates
that there are still more contributing mechanisms. Emphasizing
this, a genetic selection has identified novel roles for many pro-
teins, including RMD1 (regulator of microtubule dynamics-1) and
mmsdh (methylmalonate semialdehyde dehydrogenase), in rescu-
ing defects in myosin Il BTF assembly and furrow enrichment [38].
Thus, multiple parallel pathways regulate myosin II furrow local-
ization and cellular contractility, thereby providing robustness to
the cellular cytokinesis machinery.

7. Cytokinesis regulation in other systems

In this article, we have mostly focused on the regulatory mech-
anisms for cytokinesis and cell shape control in the amoeba
Dictyostelium. However, these concepts are not specific to one
organism or process, but can be extended to a wide variety of
organisms and cellular processes. The genetic simplicity and bio-
chemical and mechanical amenability of Dictyostelium make it a
powerful model to obtain mechanistic insights into cytokinesis reg-
ulation. Most proteins mentioned here have direct homologs, and
their behavior has been replicated in other species. For example,
myosin Il is the major driver of contractility in most non-muscle
cells, and is responsive to mechanical stress in other cell types
including Drosophila S2 cells [5] and human hematopoietic stem
cells [53]. In budding yeast, myol (the myosin Il homolog) is
immobilized during cytokinesis [54], similar to the stabilization
of cleavage furrow proteins in Dictyostelium. Additionally, during
mammalian cytokinesis, if the cortex becomes destabilized, the
myosin Il network can undergo fluctuating assembly and disassem-
bly, resulting in a destabilized furrow and oscillating contractions
across the cell and further highlighting the feedback control in con-
tractile network [55]. Further, F-actin is not required for retaining
myosin II at the equator once the ring-like structure has formed in
fission yeast [56].

These results suggest that the cell cortex is highly mechanosen-
sitive across species, and its ability to respond to mechanical forces
is critical to ensuring robust cytokinesis. Perturbations to acto-
myosin contractility and cellular mechanics lead to cytokinesis
defects in several species including vertebrates, nematodes and
yeast [2,25,27]. In vertebrates, myosin Il depletion results in highly
multinucleated cells, and this defect can be restored by exogenous
expression of any of the three myosin Il isoforms [57]. Further, the
ability of myosin II to generate tension in the network, rather than
its ability to translocate actin filaments, is required for cytokine-
sis as shown using a myosin Il mutant with no motility and an
extremely long actin-attachment time [58,59]. Similarly, in Dic-
tyostelium, a myosin Il mutant for which the Mg2*-ATPase activity
is uncoupled from its power stroke responds to mechanical stress
like wild type myosin II [17].

In addition to regulation of actomyosin contractility [60], feed-
back is also important in various other aspects of cell division. For
example, the dynamic recruitment of the CPC to the central spindle
is tightly controlled through many feedback loops involving Aurora
B kinase [61,62]. In fission yeast, the contractile network assembly
is triggered by the septation initiation network (SIN) through the
activation of Rho1 GTPase. Recent evidence has shown that Rho1
can also affect upstream regulators of SIN, thereby providing feed-
back to control actomyosin assembly and furrow ingression [63].
Thus, different systems have evolved intricate methods to ensure
that cytokinesis proceeds with high fidelity.

8. Concluding remarks

Biological systems are designed to survive in a variety of sce-
narios. Key to their survival is the ability of cells to divide robustly
under challenging conditions. Thus, organisms have developed
sophisticated machinery that, at first glance, appears to be over-
built. However, these complex networks are needed to ensure
robust tight spatial and temporal regulation of essential com-
ponents. During cell division, many biochemical and mechanical
feedback loops collectively serve as checkpoints that allow for
the detection and correction of defects that could be deleteri-
ous. Here, we have detailed the elaborate mechanisms that tune
the assembly and dynamics of the actomyosin contractile unit
at the cleavage furrow in dividing cells. Cooperativity and force-
sharing between molecular motors (myosin II) and structural
proteins (actin crosslinkers) form the basis of this mechanically
tunable system [14]. Hence, Rappaport appropriately concluded
that cytokinesis is indeed a complex shape change process that is
over-built and hard to fail.
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