
Cytokinesis in Animal Cells

Pier Paolo D’Avino1, Maria Grazia Giansanti2, and Mark Petronczki3

1Department of Pathology, University of Cambridge, Cambridge CB2 1QP, United Kingdom
2Istituto di Biologia e Patologia Molecolari c/o Dipartimento di Biologia e Biotecnologie, Università Sapienza
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Cell division ends with the physical separation of the two daughter cells, a process known as
cytokinesis. This final event ensures that nuclear and cytoplasmic contents are accurately
partitioned between the two nascent cells. Cytokinesis is one of the most dramatic changes
in cell shape and requires an extensive reorganization of the cell’s cytoskeleton. Here, we
describe the cytoskeletal structures, factors, and signaling pathways that orchestrate this
robust and yet highly dynamic process in animal cells. Finally, we discuss possible future
directions in this growing area of cell division research and its implications in human dis-
eases, including cancer.

C
ytokinesis is the final step of cell division

during which the two daughter cells be-

come physically separated. It begins right after
chromosome segregation inanaphase,whenacy-

tokinetic or cleavage furrow forms at the equa-

torial cortex and ingresses inward to bisect the
mother cell, and terminates with the physical

detachment of the two daughter cells (Fig. 1).

This process involves a finely regulated series
of events that ensure equal distribution of geno-

mic and, in the case of symmetric divisions, cy-

toplasmic material between the two nascent
daughter cells. Cytokinesis is crucial because

its failure essentially nullifies all of the previous

mitotic events, such as chromosome alignment
and segregation, and causes polyploidy, which,

in turn, can lead to subsequent defectivemitoses

and chromosomal instability. Like many other

cell division processes, cytokinesis is necessary

for proper growth and development in many

organisms. Moreover, its deregulation has been
linked to various diseases, including cancer,

blood disorders, female infertility, Lowe syn-

drome, and age-related macular degeneration
(Lacroix and Maddox 2012). Here, we describe

the key mechanisms, factors, and signals that

control the various cytokinetic events in animal
cells, from cleavage site positioning to the final

abscission of the two daughter cells.

POSITIONING THE DIVISION
PLANE: MICROTUBULES LEAD
THE WAY

Thefirst priorityof a dividing cell after anaphase

onset is to position the division plane between
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the two masses of segregating chromosomes.
It became evident since the early findings by

Rappaport (1961) that spindle microtubules

were key to this process. The mitotic spindle is
completely reorganized after anaphase onset

into an array of interdigitating and antiparallel

microtubules, known as the central spindle (Fig.
1). This structure originates, in large part, from

the interpolar microtubules of the mitotic spin-

dle that are released from centrosomes in ana-
phase and become tightly bundled at their plus

ends in a region known as the spindle midzone
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Figure 1. Schematic diagram illustrating the different stages of cytokinesis in animal cells. Microtubules are
depicted in blue, the actomyosin contractile ring and the midbody ring in red, and the endosomal sorting
complex required for transport (ESCRT)-III spiral filaments in green.
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(Fig. 1). However, de novo microtubule poly-

merization has also been proposed to play a
role in central spindle formation (Douglas and

Mishima 2010). Many cytoskeletal and signal-

ing proteins cooperate to assemble and organize
the central spindle. These include the chromo-

somal passenger complex (CPC), the micro-

tubule-associated protein (MAP) protein regu-
lator of cytokinesis 1 (PRC1), and at least three

kinesin-likemotors: KIF4A, KIF20A, andKIF23

(Table 1). PRC1 is a microtubule-bundling pro-
tein that is transported to the spindle midzone

by KIF4A (Kurasawa et al. 2004; Zhu and Jiang

2005; Zhu et al. 2006). Cyclin-dependent ki-
nase 1 (Cdk1) prevents the interaction between

PRC1 and KIF4A before anaphase onset, which

is instead later promoted by the enzymatic com-
ponent of the CPC, Aurora B kinase (Zhu and

Jiang 2005; Bastos et al. 2013). PRC1 is able to

cross link microtubules, and KIF4A has been

shown to suppress microtubule dynamics and

control the size of the central spindle (Bieling
et al. 2010; Subramanian et al. 2010; Hu et al.

2011; Bastos et al. 2013). KIF23 is also impor-

tant for bundling central spindle microtubules
as part of a protein complex, dubbed central-

spindlin, whose other subunit is the Rho family

GTPase-activating protein RacGAP1/MgcRac-
GAP (Mishima et al. 2002). Centralspindlin is

a conserved heterotetramer composed of KIF23

and RacGAP1 dimers. It is essential for central
spindle formation in many organisms and has

been shown to be able to bundle microtubules

in vitro (Adams et al. 1998; Mishima et al. 2002;
D’Avino et al. 2006). Cdk1 phosphorylation

inhibits the binding of KIF23 to microtubules

in metaphase, whereas, after anaphase onset,
KIF23 localization to the spindle midzone de-

pends on the CPC, which also promotes the

microtubule bundling activity of centralspind-

Table 1. List of the names used in different organisms for the factors involved in central spindle and contractile
ring assembly/dynamics during cytokinesis

Mammals Drosophila

Caenorhabditis

elegans Function

Anillin Anillin ANI-1 Contractile ring component

Aurora B Aurora B AIR-2 Kinase (CPC component)

ASPM Asp ASPM-1 MAP

Borealin Borr CSC-1 CPC component

CIT-K Sti/dCIT-K Unknown Kinase

CLASP ORBIT/
MAST

CLS-2 MAP

ECT-2 Pbl LET-21 GEF

INCENP INCENP ICP-1 CPC component

KIF4A KLP3A KLP-19 KLP

KIF14 Neb KLP-6 KLP

KIF18 KLP67A KLP-13 (?) KLP

KIF20A (also known as

MKLP2 and Rab6-KIFL)

Sub Unknown KLP

KIF23 (two isoforms, MKLP1

and CHO1)

Pav ZEN-4 KLP (centralspindlin

component)

MgcRacGAP/RacGAP1 RacGAP50C CYK-4 GAP (centralspindlin

component)

Plk1 Polo PLK-1 Kinase

PRC1 Feo SPD-1 MAP

RhoA Rho1 RHO-1 GTPase

ROCK Rok LET-502 Kinase

CIT-K, citron kinase; CPC, chromosomal passenger complex; GAP, GTPase-activating protein; GEF, guanine nucleotide

exchange factor; GTP, guanosine triphosphate; KLP, kinesin-like protein; MAP, microtubule-associated protein; Plk1, Polo-

like kinase 1; ROCK, Rho-associated kinase. The question mark (?) indicates that the relationship is unclear.
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lin through Aurora B phosphorylation (Kaitna

et al. 2000;Mishima et al. 2004;Guse et al. 2005).
Finally, KIF20A is responsible for recruiting the

CPC to the spindle midzone, thereby creating

a pool of active Aurora B, which is essential for
controlling the activity of KIF4A and KIF23

(Gruneberg et al. 2004; Fuller et al. 2008). In

addition to these factors, other MAPs are likely
to be involved in central spindle assembly and

maintenance (Table 1), including the kinesin

KIF14, which interacts with PRC1 (Gruneberg
et al. 2006; Bassi et al. 2013), KIF18 (Gatt et

al. 2005), CLIP-associating protein 1 (CLASP)

(Inoue et al. 2004), and abnormal spindle-
like microcephaly-associated protein (ASPM),

which is the only MAP that localizes to the mi-

nus ends of central spindlemicrotubules (Wake-
field et al. 2001; Riparbelli et al. 2002).

Several studies over .50 yr have indicated

that both astral and central microtubules con-
tribute to cleavage plane positioning and two

distinct models were initially proposed (Glotzer

2004; D’Avino et al. 2005; von Dassow 2009).
The “astral relaxation” model posited that astral

microtubules could inhibit furrow formation

at the polar regions, allowing constriction of
the cortex only at the equator. In contrast, the

“equatorial and central spindle stimulation”

model proposed that a particular stable popu-
lation of astral microtubules could contact the

equatorial cortex and directly promote furrow

ingression in cooperation with signals from the
central spindle. It became obvious, however,

that these two models were not mutually exclu-

sive and the current view is that both mecha-
nisms can coexist and the contribution of dif-

ferent populations of microtubules may vary

in relation to the cell’s shape and size. For exam-
ple, in large embryonic cells (e.g., echinoderm

and Caenorhabditis elegans embryos), contain-

ing prominent asters and small central spindles,
astral microtubules could play a major role in

positioning the cleavage plane and promoting

furrow ingression. On the other end, in small
epithelial cells, the equatorial and central spin-

dle microtubules could play a more prominent

role in these processes. Finally, there is also ev-
idence that, in asymmetric divisions, additional

cortical polarity-determining cues could co-

operate with signals from the microtubules to

position the cleavage plane (Cabernard et al.
2010). The spatial coupling of the cleavage

plane to the mitotic spindle in animal cells

facilitates the coordination of nuclear and cyto-
plasmic division, a prerequisite for cell repro-

duction.

CLEAVAGE FURROW INGRESSION:
ACTOMYOSIN FILAMENTS TAKE
CENTER STAGE

In many animal cells, actomyosin filaments

assemble at the cleavage furrow, often forming
an annular structure known as the “contractile

ring” (Fig. 1). The contraction of these actomy-

osin filaments is currently seen as the major,
although not the sole, driving force that trig-

gers furrow ingression (Wang 2005). The small

GTPase RhoA controls assembly and constric-
tion of the contractile ring by activating two

parallel signaling pathways (Piekny et al. 2005;

Jordan and Canman 2012). On binding the di-
aphanous (Dia) members of formin-homology

proteins, RhoA stimulates profilin-mediated

actin polymerization (Fig. 2). Simultaneously,
RhoA also activates Rho-associated kinase

(ROCK), which phosphorylates themyosin reg-

ulatory light chain (MRLC), thereby promoting
myosin contractility (Fig. 2). Therefore, the for-

mation of an active zone of RhoA at the equa-

torial cortex is thought to be the key event that
triggers cleavage furrow formation and ingres-

sion (Bement et al. 2005; D’Avino et al. 2005).

How can microtubules generate such an active
and focusedRhoA zone? Like all GTPases, RhoA

can exist in two states: an active, guanosine tri-

phosphate (GTP)-bound form, and an inactive,
GDP-bound form (Fig. 2). The flux between

these two states is controlled by activators,

known as guanine nucleotide exchange factors
(GEFs), that accelerate the exchange of GDP for

GTP and target Rho GTPases to the membrane,

and inhibitors, GTPase-activating proteins
(GAPs), that promote the intrinsic GTPase ac-

tivity of Rho GTPases (Fig. 2). Astral microtu-

bules have been described to be able to inhibit
RhoA at the polar cortical regions and control

actomyosin dynamics (Werner et al. 2007; Mur-
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thy and Wadsworth 2008). The exact molecu-

lar mechanism, however, is still obscure, albeit
it likely involves activation of a RhoA-specific

GAP. In contrast, the mechanism by which

equatorial and central spindle microtubules
stimulate RhoA at the equatorial cortex is much

better understood. The centralspindlin complex

is able to travel to the plus ends of equatorial
and central spindle microtubules thanks to the

motor activity of its kinesin component KIF23

(Hutterer et al. 2009). The other component of
the complex, MgcRacGAP/RacGAP1, interacts
with the RhoGEF ECT2 (Somers and Saint

2003; Yuce et al. 2005). This interaction is nec-
essary for ECT2 activation and transport to

the equatorial cortex, where this GEF associates

with the plasmamembrane and activates RhoA,
thereby triggering the signaling cascade respon-

sible for the assembly and contraction of acto-

myosin filaments (Fig. 3) (Lee et al. 2004; Yuce
et al. 2005; Zhao and Fang 2005; Kamijo et al.

2006; Su et al. 2011). The interaction between

ECT2 and RacGAP1 requires phosphorylation

of RacGAP1 by Polo-like kinase 1 (Plk1) in ana-
phase/telophase and is, instead, inhibited by

Cdk1-mediated phosphorylation of ECT2 in

metaphase (Yuce et al. 2005; Burkard et al.
2007, 2009; Petronczki et al. 2007; Wolfe et al.

2009). Phosphorylation of the ECT2 carboxy-

terminal polybasic cluster region by Cdk1 also
prevents the association of this GEF with the

plasma membrane before anaphase onset (Su

et al. 2011).
The exact role of the GAP activity of Rac-

GAP1 has been debated over the last decade.

Initial evidence indicated that this GAP is sig-
nificantly more active in vitro toward Rac, an-

other member of the Rho family of GTPases,

rather than RhoA (Toure et al. 1998; Jantsch-
Plunger et al. 2000). Subsequently, genetic stud-

ies in Drosophila and C. elegans also suggested

that RacGAP1 could inactivate Rac GTPases
in vivo (D’Avino et al. 2004; Canman et al.

2008), and this would inhibit the formation of

a branched actomyosin web and, therefore, re-
duce stiffness at the equatorial cortex (Fig. 3)

(D’Avino et al. 2005; Canman et al. 2008). Evi-

dence in human cells also indicated that the
GAP activity of RacGAP1 could be required to

inhibit Rac-dependent pathways involved in cell

adhesion and spreading (Fig. 3) (Bastos et al.
2012). Together, these findings suggest that the

major role of RacGAP could be to down-regu-

late Rac GTPases at the cleavage site to reduce
cortical stiffness and inhibit cell adhesion, thus,

allowing robust and rapid furrow ingression. In

contrast, a study in Xenopus embryos reported
that the GAP domain of RacGAP1 could both

transiently anchor RhoA and promote its inac-

tivation at the division site, counteracting ECT2
and contributing to the flux of RhoA through

the GTPase cycle (Fig. 3) (Miller and Bement

2009). However, similar findings have not been
reported in other systems and at least two other

GAPs, p190RhoGAP and ARHGAP11A, have

also been reported to inhibit RhoA during cell
division (Mikawa et al. 2008; Zanin et al. 2013).

Therefore, it is currently unclear whether this

role of RacGAP1 is conserved.
It is important for successful cytokinesis

that the contractile ring is properly “scaffolded”

RhoA-GTP

RhoA-GDP

Formin (Dia)

Profilin

GTP-actin

Actin polymerization Myosin activity

ROK

MRLC- PMRLC

Contractile ring assembly and constriction 

RhoA-GAPRhoA-GEF

Figure 2. Schematic diagram of the RhoA-activated
signaling pathways controlling actomyosin dynamics
during cytokinesis. See text for details. Dia, diapha-
nous; GAP, GTPase-activating protein; GDP, guano-
sine diphosphate; GEF, guanine nucleotide exchange
factor; GTP, guanosine-triphosphate; MRLC, myosin
regulatory light chain; ROK, Rho kinase.
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and connected to both the cell membrane and

central spindle. Two contractile ring proteins

play this role: anillin and citron kinase (CIT-
K). Both proteins associate with actin and my-

osin and interact directly with RhoA, although

they do not seem to behave as canonical RhoA
effectors (Madaule et al. 1995; Piekny and Glot-

zer 2008; D’Avino 2009; Bassi et al. 2011). In

particular, CIT-K is required for proper RhoA
localization, indicating that it behaves more like

a RhoA regulator (Bassi et al. 2011; Gai et al.

2011). Moreover, this kinase has been reported
to control the localization of a network com-

prising contractile ring components, anillin,

actin, myosin, and RhoA, and at least three cen-
tral spindle MAPs, KIF14, KIF23, and PRC1,

important for the formation of an organelle,

the midbody, that originates after completion
of furrow ingression and regulates abscission

(Fig. 1; see also the following paragraphs) (Bassi

et al. 2013). Anillin links the plasma membrane

with the contractile ring (Liu et al. 2012) and

recruits the cytoskeletal proteins septins to the
cleavage site (Field et al. 2005a). It also interacts

with ECT2 and RacGAP1, but, unlike CIT-K,

loss of anillin does not affect localization of its
central spindle partners (D’Avino et al. 2008;

Gregory et al. 2008; Frenette et al. 2012). This

suggests that these interactions do not play a
major structural role, but rather establish a plat-

form necessary tomaximize the efficiencyof the

signaling pathways required for cleavage furrow
ingression. Consistent with the roles of anillin

and CIT-K as stabilizers and linkers of the con-

tractile ring, cells depleted of either of these
two proteins show numerous cortical blebs at

the cleavage site (Somma et al. 2002; D’Avino

et al. 2004; Naim et al. 2004). However, individ-
ual inactivation of either anillin or CIT-K does

not compromise cleavage furrow ingression,

ECT2

Centralspindlin

Microtubule

Legend

Rho-GDP

Rho-GTP

Rac

WAVE

WASp
Arp2/3

Rac inactivationRho flux

ARHGEF7, GIT1/2

PAK1

Cell adhesion

Branched actin web
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Figure 3.Model of RhoA regulation during cytokinesis. The centralspindlin complex binds to ECT2 and travels
to the plus ends of both equatorial and central spindle microtubules. On reaching the cortex, ECT2 activates
RhoA, which, in turn, promotes the assemblyof the actomyosin ring (not depicted). The RacGAP component of
centralspindlin inhibits Rac GTPase to reduce cortical stiffness and inhibit cell adhesion, thus, allowing robust
and rapid furrow ingression. GAP, GTPase-activating protein; GDP, guanosine diphosphate; GTP, guanosine
triphosphate.
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but after loss of anillin, the contractile ring can

sometimes become unstable and oscillate later-
ally (Hickson and O’Farrell 2008; Piekny and

Glotzer 2008). Interestingly, these oscillations

increase after simultaneous loss of both anillin
and CIT-K, indicating a possible functional re-

dundancy between the two proteins (El Amine

et al. 2013).

MEMBRANE FORMATION AND
COMPOSITION: DIRECTING TRAFFIC
AND DELIVERY

In addition to the force generated by actomyo-
sin ring constriction, successful cytokinesis re-

quires extensive membrane trafficking activities

(McKay and Burgess 2011; Neto et al. 2011;
Tang 2012). The massive increase in total sur-

face area during furrowing requires the trans-

port of membrane vesicles to be inserted at the
cleavage site. Moreover, vesicle traffic to the

furrow is associated with the timely delivery of

regulatory proteins and remodeling factors re-
quired at different stages of this process (Neto

et al. 2011).

Studies in mammalian cells and animal
model systems have implicated several compo-

nents of the secretory and endocytic/recycling
machineries in cytokinesis (Prekeris and Gould
2008; Neto et al. 2011; Giansanti et al. 2012;

Tang 2012). A proteomics-based analysis of pu-

rified midbodies isolated from Chinese hamster
ovary cells revealed that the largest proportion

of midbody proteins had a known role in secre-

tory andmembrane trafficking; the requirement
for cytokinesis of many of the homologs was

confirmed by RNA interference in C. elegans

(Skop et al. 2004). The secretory pathway starts
in the endoplasmic reticulum (ER), and com-

prises vesicle transport initially to the Golgi and

then to the plasma membrane. The endocytic
pathway begins, instead, with vesicle budding

at the plasma membrane. Endocytosed vesicles

are first routed to early endosomes and then
return to recycling endosomes (REs), which

directs them back to the plasma membrane

(McKay and Burgess 2011). In human HeLa
cells, secretory vesicles labeled with the fluores-

cently tagged secretory marker luminal-GFP

(green fluorescent protein) were observed to

move toward the cleavage site where they re-
leased their GFP signals, suggesting vesicle fu-

sionwith the furrow plasmamembrane (Grom-

ley et al. 2005). Transport of secretory vesicles to
the cleavage furrowwas also shownby later work

of Goss and Toomre (2008), which provided

evidence that Golgi-derived vesicles not only
traffic to the furrow region from both daughter

cells,butalsodockandfusethere.Visualizationof

the dynamics of F-actin and endocytic vesicles
in Drosophila embryos has led to a model, in

which F-actin and vesicles are targeted as a unit

to the cleavage furrow (Albertson et al. 2008).
Consistent with a role of secretory vesicle

trafficking in furrowing, cytokinesis in both

C. elegans embryos and Drosophila spermato-
cytes was shown to be sensitive to brefeldin A,

a fungal metabolite that interferes with anter-

ograde transport from ER to the Golgi (Skop
et al. 2001; Robinett et al. 2009; Kitazawa et

al. 2012). Moreover, both RNA interference

(RNAi)-based and classical genetic screens in
Drosophila have implicated Golgi-related func-

tions in cytokinesis (Farkas et al. 2003; Echard

et al. 2004; Eggert et al. 2004; Giansanti et al.
2004; Belloni et al. 2012; Kitazawa et al. 2012).

Genetic dissection of cytokinesis in Drosophila

spermatocytes indicated the requirement of
important regulatory proteins of Golgi traffick-

ing. These include the Golgi SNARE syntaxin 5

(Xu et al. 2002), the conserved oligomeric Gol-
gi (COG) subunits Cog5 and Cog7 (Farkas et al.

2003; Belloni et al. 2012), and the ortholog of

the yeast TRAPP II (trafficking transport pro-
tein particle II) TRS120p subunit (Robinett

et al. 2009). Moreover, there is evidence for an

involvement of retrograde transport from Gol-
gi to ER in Drosophila cytokinesis. Two RNAi

large screens inDrosophila S2 cells and a genetic

screen in spermatocytes identified subunits of
COPI, a coatomer protein complex consist-

ing of seven proteins that regulates retrograde

transport from the Golgi apparatus to the ER
(Echard et al. 2004; Eggert et al. 2004; Robinett

et al. 2009; Kitazawa et al. 2012).

Endocytic and recycling proteins are also
key players in mediating both furrow ingres-

sion and abscission (Prekeris and Gould 2008).
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Mutations in genes encoding endocytic com-

ponents, such as clathrin and dynamin, were
shown to disrupt cytokinesis in several animal

models and mammalian cells (Wienke et al.

1999; Gerald et al. 2001; Thompson et al.
2002). Three small GTPases that regulate recy-

cling trafficking, Rab11, Arf6, and Rab35, are

required for completion of cytokinesis in a vari-
ety of cell types (Montagnac et al. 2008; Schiel

and Prekeris 2013). Rab11, which mainly regu-

lates the recycling of vesicles fromREs to plasma
membrane, was first found essential for furrow

ingression in C. elegans (Skop et al. 2001). In

Drosophila melanogaster, Rab11 provides an es-
sential role for cytokinesis in S2 cells and sper-

matocytes (Kouranti et al. 2006; Giansanti et al.

2007) and for embryo cellularization (Pelissier
et al. 2003; Riggs et al. 2003). InDrosophila sper-

matocytes, Rab11 localizes to the cleavage fur-

row together with its effector Nuclear fallout
(Nuf ) and is required for both furrow ingression

and actin ring constriction, suggesting an inti-

mate relationship between membrane addition
and actomyosin remodeling during cytokine-

sis (Giansanti et al. 2007). In mammalian cells,

both the Nuf ortholog FIP3/Arfophilin and
Rab11 accumulate at the cleavage furrow and

depletion of either protein by RNAi results in

cytokinesis failures (Wilson et al. 2005). FIP3
and the otherRab11 effector, FIP4 (both sharing

homologywithNuf ), form a complexwith Arf6

and depend on this protein for targeting to the
central spindle (Fielding et al. 2005). Arf6 and

FIP3/FIP4 also interact with Exo70, a subunit of
the exocyst complex, a multiprotein complex
that provides an essential role in tethering vesi-

cles to plasmamembrane before fusion (Prigent

et al. 2003; Fielding et al. 2005). Consistent with
a requirement for the exocyst complex in cyto-

kinesis, knockdown of the exocyst subunit Sec5

results in the accumulation of v-SNARE-con-
taining vesicles at the midbody in HeLa cells

(Gromley et al. 2005). The Arf6/FIP3/FIP4
complex is not conserved inDrosophila.Nuf fails
to bind to Arf6 and depends on Rab11 for its

recruitment to the cell midzone (Hickson et al.

2003; Riggs et al. 2003; Giansanti et al. 2007).
However, Arf6 is still required for furrow in-

gression inDrosophila spermatocytes, inwhich it

acts downstream of Rab4/Rab11 endosomes

(Dyer et al. 2007). Interestingly, Drosophila

ARF6 binds to the centralspindlin component

Pav (Table 1), suggesting that this association

might contribute to Arf6 recruitment to central
spindle endosomes (Dyer et al. 2007).

The small GTPase Rab35 is another impor-

tant player in cytokinesis in both Drosophila

and mammalian cultured cells (Kouranti et al.

2006). In human cells, Rab35 was found en-

riched at the plasma membrane and endocytic
compartments, in which it regulates a fast en-

docytic recycling pathway during the terminal

cytokinetic stages to ensure bridge stability and
normal abscission (Kouranti et al. 2006).

A special lipid composition at the furrowing

plasma membrane contributes to successful cy-
tokinesis (Brill et al. 2011; Neto et al. 2011;

Atilla-Gokcumen et al. 2014). For example, spe-

cial lipids containing very long chain fatty acids
are essential for cell shape deformation dur-

ing cleavage furrow ingression (Szafer-Glusman

et al. 2008). In addition, the interaction between
specific lipid molecules and proteins forms sig-

naling platforms, controlling several aspects of

cytokinesis (Ng et al. 2005; Neto et al. 2011).
Phosphatidylinositol (PI) phosphates are criti-

cal membrane signals that control both actomy-

osin ring dynamics and membrane trafficking
during cytokinesis (Brill et al. 2011). Consis-

tent with this, the PI4-kinase Four-wheel drive

(Fwd) and the PI(4)P binding proteinGOLPH3
are both required for cytokinesis in Drosophila

spermatocytes (Brill et al. 2000; Polevoy et al.

2009; Sechi et al. 2014). Some evidence also
indicates that the phosphoinositide phosphati-

dylinositol 4,5-biphosphate (PI(4,5)P2) is en-

riched at the cleavage furrows of dividing tissue
culture cells and Drosophila spermatocytes, in

which it regulates formation and stability of the

cytokinetic ring (Field et al. 2005b; Wong et al.
2005; Echard 2012). PI(4,5)P2 interacts with the

contractile ring components anillin and septins

and regulates F-actin polymerization by modu-
lating the activity of the actin-binding proteins

profilin and cofilin (Yin and Janmey 2003; Ber-

tin et al. 2010; Liu et al. 2012). Finally, recent
studies have shown that the RhoGEF ECT2 and

the centralspindlin subunit MgcRacGAP con-
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tain protein domains that bind to polyanionic

phosphoinositide lipids (Su et al. 2011; Frenette
et al. 2012; Lekomtsev et al. 2012). Consistent

with these observations, enrichment of PI(4,5)

P2 is restricted to the cleavage furrow to main-
tain contractile ring structure (Ben El Kadhi et

al. 2011). Knockdown of the PI(4,5)P2 phos-

phatase ORCL (oculocerebrorenal syndrome
of Lowe) inDrosophila S2 cells leads to accumu-

lation of contractile ring proteins on PI(4,5)P2-

containing endosomes. PI(4,5)P2 can also con-
tribute to plasmamembrane remodeling during

cytokinesis through the recruitment of F-BAR

proteins, a family of evolutionarily conserved
proteins that facilitate membrane curvature

(Brill et al. 2011; Takeda et al. 2013). TheDroso-

phila F-BAR protein syndapin colocalizes with
PI(4,5)P2 to the cleavage site and directly inter-

acts with anillin, thus, mediating a link between

the plasma membrane and the contractile ring
(Takeda et al. 2013). Accordingly, abnormal ex-

pression of Syndapin affects cortical dynamics

in cytokinesis (Takeda et al. 2013).

MAKING THE FINAL CUT: THE MIDBODY
MASTERS IT ALL

The constriction of the contractile ring progres-

sively compacts the central spindle to form an
organelle, themidbody, which persists for a long

time and provides a platform necessary for the

proper recruitment and organization of many
proteins that regulate the final abscission of the

two daughter cells (Fig. 1). The midbody was

first described by Flemming (1891) and then
analyzed in detail by electron microscopy in

the 20th century (Buck and Tisdale 1962a,b;

Byers and Abramson 1968; Mullins and Biesele
1977). This organelle is composed by tight bun-

dles of microtubules of an initial diameter of

≏1 mm that contains, at its center, an amor-
phous electron-dense matrix (Fig. 4A). Various
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Figure 4.Midbody formation and structure in late cytokinesis. (A) Electron microscopy image of a HeLa cell in
cytokinesis is shown at the top and at the bottom is amagnification of themidbody.MR,midbody ring. Scale bar,
1 mm. (B)Midbody stages in late cytokinesis. HeLa cells were fixed and stained to detect tubulin andDNA. Insets
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terms, over the years, have been used to describe

the different regions of the midbody, generat-
ing some confusion. For clarity, here, we use

the term “midbody ring” to describe the phase

and electron-dense central region, and the term
“midbodyarms” to indicate the regions flanking

themidbody ring; the two regions together form

the entire midbody (Figs. 1 and 4). The mid-
body is not a static structure, but it undergoes

a series of morphological changes during the

late stages of cytokinesis. When furrow ingres-
sion is complete, the midbody ring appears like

a “dark region” in cells immunostained for mi-

crotubules,most likely because the dense cluster
of proteins that form the midbody ring prevent

the access of antitubulin antibodies (Fig. 4B).

After furrowing completion, two symmetric
constrictions form at both sides of the midbody

ring, making the midbody look like a “bow tie”

(Fig. 4B). At this stage, the chromosomes are
almost completely decondensed. Subsequently,

the microtubule bundles become progressively

thinner, an event most likely mediated by mi-
crotubule depolymerizing factors, such as kata-

nin and spastin (Connell et al. 2009; Matsuo

et al. 2013), and, ultimately, a distinct abscission
site appears, usually first at one side of the mid-

body ring (Fig. 4B). The midbody remnant is,

therefore, typically inherited by one of the two
daughter cells and slowly eliminated by autoph-

agy (Pohl and Jentsch 2009). However, the ab-

scission event can vary in different cell types and
the formation of two abscission sites at both

sides of the midbody ring has also been de-

scribed (Elia et al. 2011).
Both contractile ring and central spindle

proteins contribute to midbody formation. Ac-

tomyosin filaments, however, disappear soon
after completion of furrow ingression. Different

midbody components display distinct spatial

and temporal localization patterns. Some pro-
teins, such as anillin, centralspindlin, CIT-K,

and KIF14, localize to the midbody ring where

they remain throughout the final stages of ab-
scission and even persist in midbody remnants.

In contrast, the CPC accumulates at the mid-

body arms and disappears after the “bow tie”
stage. It is not completely clear, however, wheth-

er these different spatiotemporal localization

patterns reflect distinct functions, albeit CPC

removal from the midbody seems necessary to
activate the molecular machinery that mediates

abscission (see below). The roles that different

midbody components play in the formation
and stability of this organelle are not com-

pletely understood. Recent studies indicated

that CIT-K is a key player inmidbody formation.
As mentioned previously, this contractile ring

component links the actomyosin ring to the

central spindle by interacting with contractile
ring proteins, actin, myosin, anillin, and RhoA,

and central spindle MAPs-KIF14, KIF23, and

PRC1. Consistent with these molecular interac-
tions, CIT-K is required for the recruitment

of KIF14 to the cleavage site and proper distri-

bution of actin, myosin, RhoA, KIF23, and
PRC1 (Gruneberg et al. 2006; Bassi et al. 2011,

2013; Gai et al. 2011). In the absence of CIT-K,

the midbody matrix is scarce, fragmented, de-
tached from the cortex, and mispositioned in

both Drosophila and human cells (Bassi et al.

2013; ZI Bassi and PP D’Avino, unpubl.). Anil-
lin has been described to mediate the transition

from contractile to midbody ring, although the

molecular details are still missing (Kechad et al.
2012; El Amine et al. 2013). Anillin also accu-

mulates at the lateral constrictions that generate

the “bow tie” figures (Fig. 4B), and its interac-
tion with septins has been proposed to be re-

quired for the formation of these constrictions

(Renshaw et al. 2014). Finally, both anillin and
the RacGAP component of centralspindlin have

been shown to link directly the midbody ring to

the plasma membrane (Kechad et al. 2012; Le-
komtsev et al. 2012; Liu et al. 2012).

The mechanism that mediates membrane

fission at the end of cytokinesis has remained
obscure for a long time until it was reported

that components of the endosomal sorting com-

plex required for transport (ESCRT) localized to
the midbody and were required for cytokinesis

(Carlton andMartin-Serrano 2007;Morita et al.

2007). ESCRTproteins are highly conserved and
best known for catalyzing membrane fission

events both in virus budding and the sorting of

receptors into vesicles that bud off into the lu-
men of the endosome, creating multivesicular

bodies (MVBs) (McCullough et al. 2013). Four
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distinct ESCRTs, known as ESCRT-0, -I, -II,

and -III, are sequentially recruited to endosomes
and the final complex in the pathway, ESCRT-

III, provides the core machinery that mediates

membrane deformation and fission events dur-
ing MVB biogenesis (Wollert et al. 2009). Cyto-

kinesis is topologically similar to virus budding

and MVB biogenesis and, thus, these find-
ings indicated that the ESCRTmachinery could

also catalyze membrane fission during abscis-

sion. Consistent with this, the ESCRT-III Snf7
components (known as CHMP4 proteins in hu-

mans) have been observed to form spiral fila-

ments that appear to remodel and constrict the
membrane to create the abscission site (Fig. 1)

(Elia et al. 2011; Guizetti et al. 2011). In human

cells, ESCRT proteins are initially recruited to
the midbody ring through direct interaction of

Cep55 with the ESCRT-I component TSG101

and another MVB player, ALIX, which, in turn,
recruits CHMP4 proteins (Carlton and Mar-

tin-Serrano 2007; Morita et al. 2007). Cep55,

however, is not present in lower eukaryotes,
such as Drosophila, and, therefore, this recruit-

ment mechanism probably evolved in higher

eukaryotes.
Finally, it is important to emphasize that

abscission timing is precisely regulated by the

CPC and Plk1. Plk1 phosphorylates Cep55 to
prevent its interactionwithKIF23during furrow

ingression (Bastos and Barr 2010). This ensures

that Cep55 and, in turn, the ESCRT proteins
accumulate at the midbody ring at a very late

stage in cytokinesis. Furthermore, the CPC has

been suggested to regulate abscission through
the interaction of its subunit Borealin with all

three ESCRT-III Snf7 components, CHMP4A,

CHMP4B, and CHMP4C, and Aurora B phos-
phorylation of the carboxy-terminal tail of

CHMP4C (Capalbo et al. 2012; Carlton et al.

2012), a region known to regulate CHMP4C’s
ability to polymerize and associate with mem-

branes (Shim et al. 2007). The exact nature of

this regulation, however, has been debated and
two different models have been proposed.

The model of Carlton et al. (2012) posits that

Aurora B phosphorylation promotes CHMP4C
translocation to the midbody ring, where this

ESCRT-III component inhibits abscission. In

contrast, Capalbo et al. (2012) proposed that

the CPC could control the ability of CHMP4
proteins to assemble into the highly organized

polymer arrays that catalyze membrane fission

by using two concurrent mechanisms: inter-
action of its Borealin component with all three

CHMP4 proteins and phosphorylation of

CHMP4C by Aurora B. In this model, CHMP4
proteins could assemble into spiral filaments

only after CPC removal from the midbody. This

CPC-mediated regulation of ESCRT-III has
been suggested to act as a checkpoint that pre-

vents abscission in the presence of DNA at the

cleavage site, thereby avoiding the formation of
genetically abnormal daughter cells (Steige-

mann et al. 2009; Capalbo et al. 2012; Carlton

et al. 2012).

BAD BREAKUPS: CYTOKINESIS
AND DISEASE

The correct execution of cytokinesis is essential

for the partitioning of replicated sister genomes
and other cellular components, such as centro-

somes, to daughter cells. Failure to undergo cy-

tokinesis leads to the emergence of cells that
carry a duplicated genome (tetraploidy) and

supernumerary centrosomes (Ganem et al.

2007). Transplantation experiments in a mouse
model have shown that tetraploid cells promote

tumorigenesis (Fujiwara et al. 2005). Injection

of tetraploid, but not genetically matched dip-
loid cells, resulted in the growth of malignant

mammary carcinomas. Tumors derived from

tetraploid cells showed progressive structural
and numerical chromosomal instability, a hall-

mark of the majority of solid human cancers.

Although the reason for the occurrence of struc-
tural chromosome aberrations in tetraploid

cells is not clear yet, the numerical aberrations

(aneuploidy) detected in tetraploid cells are
likely connected to the presence of supernumer-

ary centrosomes that can interfere with spindle

geometry and, hence, prevent accurate chromo-
some segregation (Ganem et al. 2009). Interest-

ingly, recent multiregion analyses of human

tumors identified genome duplication events
at key branching points during the metastatic

process (Gerlinger et al. 2012). This indicates
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that tetraploidization through cytokinesis fail-

ure might promote adaptive evolution during
tumor development. The implications of cyto-

kinesis failure and genome duplication for the

initiation, progression, and treatment of human
malignancies requires further analyses.

Not only cytokinesis failure threatens ge-

nome integrity. Recent work in cultured human
cells suggests that collisions between the in-

gressing cleavage furrow and segregating chro-

mosomes can elicit DNA damage and chro-
mosomal aberrations, such as translocations

(Janssen et al. 2011). This finding underscores

the importance of spatiotemporal coordination
of chromosome segregation and cytokinesis. In

addition to cancer, defects in cytokinesis and

mutations in cytokinetic factors are also asso-
ciated with other human diseases, such as Lowe

syndrome, congenital anemia, and age-related

macular degeneration (Lacroix and Maddox
2012). The successful execution of cytokinesis,

thus, not only underlies the birth of new cells,

but also protects us from genome instability,
cancer, and other pathologies.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Over the last decades, genetic screens andRNAi-
based approaches have led to the identification

of an array of conserved regulators of cytokine-

sis in animal cells (see Table 1) (Glotzer 2005;
Eggert et al. 2006; Fededa and Gerlich 2012;

Green et al. 2012). It is likely that few nonredun-

dant, conserved, and critical regulators of cyto-
kinesis remain to be discovered. Equipped with

the knowledge of most of the proteins involved,

one of the goals of future work is to define the
mechanistic basis for the execution of cytoki-

nesis. Breakthroughs in this area are likely to

require the combination of biophysical, super
resolution, computational, and optogenetic ap-

proaches with the more traditional avenues of

genetics, cell biology, and biochemistry. Key
questions and areas to be addressed by future

research include: (1)Howdoes themitotic spin-

dle break cortical isotropy to focus contractility
in the equatorial region during cleavage plane

specification? What is the molecular basis for

polar relaxation induced by astral microtubules

and for the induction of contractility by equa-
torial microtubules? (2) Following cleavage

plane specification, the contractile ring assem-

bles to drive ingression of the cytokinetic fur-
row. It is currently not know whether local ac-

cumulation of RhoA-GTP is sufficient to induce

furrowing. Recent advances have paved the way
for studying contractile ring action in a partially

purified system in yeast (Mishra et al. 2013; Sta-

chowiak et al. 2014). It will be exciting to define
the biophysical basis for contractile ring dynam-

ics and closure in animal cells. (3) Emerging

evidence suggests that ESCRT-III complexes
mediate abscission in mammalian cells. Recon-

stitution experiments in vitro, super resolution

imaging in vivo, and computational modeling
will be instrumental to defining the mechanism

underlying the final cut during cytokinetic ab-

scission (Elia et al. 2013). (4) Much of the work
on cytokinetic mechanisms in mammals has

focused on the analysis of cultured cells grown

on artificial surfaces. Recent work inDrosophila

has highlighted the importance of extrinsic

forces and neighboring cells for cytokinesis in

epithelial layers (Founounou et al. 2013; Guillot
and Lecuit 2013; Herszterg et al. 2013; Morais-

de-Sa and Sunkel 2013). In the future, it will

be exciting to expand cytokinesis research also
to mammalian multicellular systems or models.

This list of questions and perspectives is by no

means comprehensive and, to a certain extent, is
subjective. The field of cytokinesis research still

provides a plethora of exciting questions that

need addressing by budding and senior scien-
tists if wewant to understand howdaughter cells

are born.
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